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ABSTRACT 
 Diverse fiber-forming proteins are found in nature that accomplish a wide range 
of functions including signaling, cell adhesion, and mechanical support. Unique sequence 
characteristics of these proteins often lead to their specialized roles. However, these 
proteins also share a common organizational hierarchy in primary and secondary 
structures that strongly influence both their intramolecular folding and intermolecular 
interactions. Based on what is known regarding protein fiber assembly of silk peptides, 
shear-induced elongation of the molecular strands drives interchain secondary structure 
crystallization via anisotropic alignment, which creates a molecular superstructure that 
forms the basis a fiber network. In this work, the hypothesis is this type of protein fiber 
assembly is not unique to silk sequences and that other proteins can be spun into fibers in 
similar fashion while maintaining unique functionality given by their specialized amino 
acid sequences such as RGD, GX1X2, and so forth. This was investigated by modeling 
the manner in which hydrophobic and hydrophilic blocks of amino acids create 
interacting secondary structures at the chain level when exposed to shear. It was 
		 vii 
determined computationally and then verified experimentally that fiber spinning success 
is most likely to occur after shear processing if the protein sequence exhibits a balance of 
hydrophobic and hydrophilic content and has sufficient length. Applied to the biological 
scale, both pure and mixed solutions of proteins such as fibronectin, laminin, and silk 
fibroin were spun into fibers. In particular, alloy protein fibers of silk fibroin mixed with 
fibronectin exhibited the characteristic mechanical integrity of silk and the bioactivity of 
fibronectin. This simple method of creating protein fibers with hybrid characteristics is 
significantly faster, less expensive, and less technically intensive than chimeric protein 
production, which purports to do the same. This finding also provides insight into a 
fundamental means by which protein fibers may be assembled in vivo by taking 
advantage of the thermodynamically favorable assembly of peptide sequences at the 
chain level under proper molecular orientation. Taken together, a high throughput means 
of producing a wide-range of pure and hybrid protein fibers has been developed for 
various biological applications and research investigations into the fibrous elements of 
biology. 
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CHAPTER 1: INTRODUCTION 
1.1 The Extracellular Matrix and Fibrous Proteins 
 In order to design improved biomaterials for tissue engineering purposes, 
inspiration can be found in the native tissue environment as a model system. In a 
simplified summary, tissues are comprised of complex networks of cells suspended in 
extracellular matrix (ECM) elements. Large components of this matrix consist of fibrous 
protein structures including fibronectin (Fn) and collagen, which are ubiquitous 
throughout the body (Figure 1.1.1) (Zollinger & Smith, 2016). Cells associate with these 
protein fibers via specific transmembrane proteins known as integrins that mechanically 
link intracellular and extracellular environments. This in turn allows cells to exert forces 
on their environment, which is necessary for viability in most adult cell lines (Meredith, 
Fazeli, & Schwartz, 1993).  
The cell-matrix interaction is a very dynamic one in which the cell may remodel 
the matrix and its own intracellular architecture in response to multiple types of stimuli 
including mechanical, electrical, and chemical signaling (Figure 1.1.2) (Figueroa, 
Kemeny, & Clyne, 2014). Due to the highly dynamic environment of the cell-matrix 
interaction, the matrix takes on additional nuanced roles in affecting cell and tissue 
behavior beyond providing a structural support system. For example, fibrous Fn has 
altered binding profiles for both cells and molecules, especially growth factors, as a 
function of strain on the fiber (Hubbard, Buczek-Thomas, Nugent, & Smith, 2016; Mitsi, 
Forsten-Williams, Gopalakrishnan, & Nugent, 2008). Such a relationship may facilitate 
needed changes to cell behavior under high stress conditions such as trauma and wound 
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healing, in tandem with other local changes in the cell environment.  
For these reasons, there is motivation to better understand the changing nature of 
ECM fibers as a function of environmental factors. However, recapitulating this type of 
fibrous protein network in order to fabricate an in vitro ECM is a difficult prospect due to 
the difficulty in synthetically producing Fn (Brown, Blunn, & Ejim, 1994; Little, Smith, 
Ebneter, & Vogel, 2008) and collagen (Feinberg & Parker, 2010; Paten et al., 2016) in 
their native fiber forms. Many common methodologies employed to reconstitute matrix 
fibers for use in research and biomedical applications deviate mechanistically from native 
fiber formation, including 3D printing (Inzana et al., 2014), chemical cross-linking (Lode 
et al., 2016), and electrospinning (Sajkiewicz & Kolbuk, 2014). While these methods are 
indeed reliable means of generating fibers, the products that are generated through these 
methods do not necessarily reconstitute the desired functional characteristics of their 
respective native fibers. For example, mechanical properties of materials processed using 
the methods mentioned do not match those of their native materials (Blackstone, Drexler, 
& Powell, 2014; Castile, Skelley, Babaei, Brophy, & Lake, 2016). This is likely a 
consequence of the differing means by which the molecular environment assembles for 
each processing method during fiber formation. As a result, synthetically generated fibers 
are likely arranged in an entirely different molecular order at the chain-chain level (Lin et 
al., 2015). 
Issues with matrix reconstitution can be mitigated by directly using decellularized 
ECM that is sourced from native tissue (Badylak, Freytes, & Gilbert, 2009). Material 
sourcing in this manner avoids the problems that can be introduced when casting the 
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matrix components into a structurally stable scaffolding material. However, these 
scaffolds also require processing for use, often undergoing some combination of 
crushing, cross-linking, freeze drying, and/or gelation such that they no longer 
appropriately emulate the truly dynamic mechanical environment of a fibrous network. 
As such, there is still a need to develop a method of reconstituting matrix proteins into 
structurally sound fibers similar to their native form mechanistically. This is a worthwhile 
research endeavor to not only enable more characterization of the ECM fibers under 
various conditions, but to provide a bioinspired scaffolding option for cell-based 
engineering applications as well.  
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Figure 1.1.1 Simple Schematic of the Fibrous Extracellular Matrix 
The ECM is comprised of many components that affect its structure and function, many 
not appearing here. Rather, this illustration points out several of the key roles of the 
fibrous protein elements of matrix including integrin association with cells and growth 
factor sequestration. Reprinted from (Zollinger & Smith, 2016) under fair use. 
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Figure 1.1.2 Dynamic Environment of the Cell-Matrix Interaction. 
(a) Fluorescence images of cells (blue nuclei, red actin) and the Fn matrix surrounding 
them (green). Scale bar is 20 µm. (b) After cyclical stretch (CS) without chemical 
treatment, cells both reorient their own cytoskeleton and remodel the surrounding matrix 
to create parallel, anisotropic alignment of the cell and matrix fibers as a response to the 
mechanical stimulus. When treated with a specific chemical factor, the typical 
mechanical response is interrupted such that the matrix and cytoskeletal alignments 
remain isotropic. This highlights how multiple signals can lead to complex changes in the 
tissue environment. Reprinted from (Figueroa et al., 2014) under fair use.  
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1.2 Silk Fibers and How They Are Naturally Spun 
 Another type of natural fiber that has garnered a great amount of interest to the 
biomaterials research community is silk. There are many kinds of silk, but it can be 
generalized as an internally processed protein that is spun into fibers by extrusion through 
spinnerets. It is an interesting material because of its favorable mechanical properties 
including high tensile strength, stiffness, toughness, ductility (F. Chen, Porter, & 
Vollrath, 2012), and generally good biocompatibility (Altman et al., 2003). For these 
reasons, it is often used as a scaffolding material aimed at providing an underlying 
structure as an artificial ECM substitute. Because silk spinning has been well 
characterized by many research studies, it also can serve as a model system to help 
explore the nature of protein fiber production in general.  
From a design perspective, high-strength silks are simple proteins. This is because 
the approximately 200–350 kDa (Ayoub, Garb, Tinghitella, Collin, & Hayashi, 2007) 
proteins can be broadly categorized into two regions: the highly repetitive, hydrophobic 
core domain and the non-repetitive, hydrophilic amino- and carboxy-terminal domains 
(N- and C-termini, respectively) (Franz Hagn, 2012). The composition of the core region 
is rich with amino acids that are ideal for β-strand stacking to form crystalline β-sheets. 
The two primary sources of silk are from silkworms and spiders. In general, dragline silk 
of spiders, also known as major ampullate spidroin (MaSp), has a slight strength 
advantage over the silk fibroin (SF) heavy chain of silkworms (Figure 1.2.1) (Andersson, 
Johansson, & Rising, 2016; Perez-Rigueiro, Viney, Llorca, & Elices, 2000; Vollrath, 
2000), which are the highest strength silk compositions of both organisms, respectively. 
		
7 
This is due to the specific sequence composition of the amino acid chains that comprise 
the highly repetitive core regions of both proteins. Spider dragline silk, in general, 
contains a greater amount of alanine-rich repetitive domains (Figure 1.2.2) (Malay et al., 
2016; Simmons, Michal, & Jelinski, 1996), which form more mechanically stable β-
sheets due to the favorable interlocking mechanism of the side-chain methyl groups of 
alanine relative to glycine (Regan, 1994). This is a general trend: there are several 
silkworm species that are comprised of similarly alanine-rich sequences with mechanical 
properties closer to those of the highly alike spider dragline varieties.  
Independent of sequence variation, the high degree of β-sheet stacking in silk is 
the source of its superior mechanical properties. This is initiated and accomplished by 
reorientation of peptide chains of the highly concentrated spinning dope prior to extrusion 
via the spinning gland architecture and the terminal domains of the protein. The spinning 
glands control multiple ion concentrations in the spinning dope, most notably hydrogen 
ions in order to regulate pH (Dicko, Vollrath, & Kenney, 2004). As solution flows 
through the spinning duct it acidifies and undergoes a high degree of shearing due to the 
narrowing of the duct diameter (Figure 1.2.3) (Breslauer, Lee, & Muller, 2009). This 
change in pH coupled with shear-induced elongation triggers the terminal domains that 
act as molecular controllers to improve alignment through physiologically controlled 
homodimerization (Figure 1.2.4) (Gauthier, Leclerc, Lefevre, Gagne, & Auger, 2014; F. 
Hagn et al., 2010; Kronqvist et al., 2014; Ries, Schwarze, Johnson, & Neuweiler, 2014; 
Schwarze, Zwettler, Johnson, & Neuweiler, 2013). Activated terminals are believed to be 
necessary to initiate assembly of SF in the native environment, which is supported by the 
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highly conserved nature of the terminal domains across many species (A. Rising, Hjalm, 
Engstrom, & Johansson, 2006; Anna Rising, Widhe, Johansson, & Hedhammar, 2011). 
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Figure 1.2.1 Stress-Strain Profiles of Silkworm and Spider Silks 
Silk mechanical properties of dry fibers taken directly from a spider (A. trifasciata) and 
silkworm (B. mori). As shown in these plots, spider silks tend to have greater strength 
and toughness than those of silkworms. However, these plots illustrate only a small view 
of the potentially wide range of silk mechanical properties that have been measure. Much 
depends on the nuanced differences in protein sequence among the species that spin silk. 
Nonetheless, both silks share the same desirable properties of being naturally derived and 
mechanically strong materials. Reprinted from (Andersson et al., 2016) under fair use. 	  
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Figure 1.2.2 Sequence Effects on β-sheet Stability of Several Fibroins 
(a) Sequences of SF heavy chain from several silkworm sequences and MaSp1 also 
known as dragline silk. In several species of silkworm, poly-alanine blocks become 
common in the repeat domain. (b) The thermal stability of many silkworm silks as a 
function of their poly-alanine richness. There is a notable positive correlation to alanine-
rich silks and their thermal stability, which also correlate to strength. (c) Motif 
considerations of each silk and the repeats involved. High presence of GGX repeats are 
more similar to the structure of spider dragline silk. Reprinted from (Malay et al., 2016) 
under fair use. 	  
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Figure 1.2.3 Simulated Shear Profile of the Spider and Silkworm Silk Glands 
(A) The general shape of the spinning glands of spiders and silkworms tapers, which 
results in higher fluid velocities towards the posterior end of the duct. (B) As fluid 
velocities increase, there is a greater rate of shearing on the spinning dope. The shear rate 
is approximated to be one order of magnitude higher in spiders than silkworms mostly as 
a consequence of the spider’s narrower extrusion spigot. Adapted from (Breslauer et al., 
2009) under fair use. 	  
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Figure 1.2.4 Alignment and Assembly Contributions of the Silk Terminal Domains 
(a) Simplified scheme of the spinning duct where silk is stored in the ampulla (A), 
focused in the spinning duct (D) before undergoing pH transition and being extruded (E). 
(b) Prior to full assembly of silk fibers, C-terminal domains have been shown to 
homodimerize in parallel conformation. (c) After pH exposure N-terminal domains 
activate to homodimerize in antiparallel conformation while simultaneously undergoing 
shear elongation. (d) The dimerization phenomenon of the N-terminal is a reversible, pH-
sensitive action. Reprinted from (Schwarze et al., 2013) under fair use.  
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1.3 Synthetic Reconstitution of Silk for Research and Engineering Applications 
Silk is a popular material for laboratory and industrial use and there are two 
primary sources of silk proteins for application-driven uses: first, collecting native-spun 
silks; and second, synthetically expressing silk-like peptide sequences. Native silk is the 
more abundant of the two sources and is most easily acquired from the cocoon silk of 
silkworms, but may also be acquired by silking spiders, which is done by manually 
withdrawing silk fibers from their spinning ducts (Work & Emerson, 1982). Due to the 
difficulty of maintaining spiders in farms (Xia et al., 2010), silking is not a practical nor 
scalable means of obtaining silk. On the contrary, silkworms have been maintained in 
large farms for centuries and represent the most readily available source of native silk by 
a large margin. 
Native silk can be handled as is and processed as a textile in order to produce 
weaves or meshes for medical applications such as sutures. However, with regards to 
biomedical applications, native silk is often regenerated into various new forms that 
include experimental modifications that are directed toward specific applications. The 
various forms (Figure 1.3.1) (Rockwood et al., 2011) of regenerated SF include films 
(Borkner, Elsner, & Scheibel, 2014), gels (Kim et al., 2004), and fibers, both of the nano- 
(Zhang et al., 2012) and micro-scales (Kinahan et al., 2011). However, SF is a relatively 
poor material in terms of biological interactivity (Panilaitis et al., 2003) and requires 
modification in order to maximize its ability to effectively engage with its local 
environment.  
To this end, efforts have been directed to treat or condition SF in such a way as to 
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improve its biocompatibility or material properties. For improvements in 
biocompatibility, silk has been mixed into various forms with additive compounds 
including collagen to generally improve cell interactions (X. Chen et al., 2008; Lv, Hu, 
Feng, & Cui, 2008; Maghdouri-White, Bowlin, Lemmon, & Dreau, 2014), 
hydroxyapatite to promote osteogenic activity (Bhumiratana et al., 2011; Wei et al., 
2011), and poly(ethylene glycol) to prevent surface fouling (Gotoh, Tsukada, Minoura, & 
Imai, 1997). Its material properties have likewise been manipulated through additions 
such as carbon nanotubes for hardening (Ayutsede et al., 2006) and poly(lactic-co-
glycolic acid) to modify biological degradability (Wenk, Meinel, Wildy, Merkle, & 
Meinel, 2009). A very large majority of the experimental modifications, where 
successful, have been performed on the hydrogel, film, and electrospun nano-fiber 
regenerated SF constructs. This is interesting because these materials are assembled in 
ways that have numerous mechanistic deviations from the natural manner in which silk is 
spun into fibers. As a consequence, all of these forms exhibit significant mechanical 
limitations compared to wet-spun, micro-scale fibers (Um, Ki, et al., 2004), which are 
spun in a manner much more closely aligned with the native process and is described in 
more detail in the methods. 
Wet-spinning is a more common processing method when performed using 
recombinant silk-inspired peptides, which are expressed in both bacteria (O. Tokareva, 
Michalczechen-Lacerda, Rech, & Kaplan, 2013) and eukaryotic cells (Arcidiacono et al., 
2002; Lazaris et al., 2002). These recombinant peptides are usually based on MaSp 
sequences and can be tuned to various molecular weights (MW), up to the native length 
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of silk (An et al., 2013; Elices et al., 2011; Lin et al., 2015; Xia et al., 2010), either with 
or without terminal domains (Heidebrecht et al., 2015). In these constructs, the sequences 
themselves are adapted to include unique functional groups based on sequences sourced 
from elastin (Xia, Xu, Hu, Qin, & Kaplan, 2011), collagen (An et al., 2013; Wlodarczyk-
Biegun et al., 2014; Yanagisawa et al., 2007), and fibronectin (Fn), particularly the RGD 
cell binding domain (Asakura et al., 2011; Widhe, Shalaly, & Hedhammar, 2016; 
Wohlrab et al., 2012). These modifications are aimed at fulfilling the same purpose as the 
modifications mentioned above, which is to improve native silk bioactivity for biological 
applications. However, recombinant protein production comes with a significant 
methodological barrier while only recapitulating a small degree of function from their 
parent proteins. For example, the adhesive and viability characteristics of the RGD 
peptide alone are not as significant as a full-length Fn molecule (Hubbard et al., 2016; 
Martino & Hubbell, 2010). Notwithstanding the drawbacks, there is significant value in 
developing recombinant silk-like peptides as functional material building blocks because 
of the direct control over the sequence. This control offers good synergistic potential with 
computational modeling that may be able to predict material properties of synthetic silk 
peptides prior to expressing them as long as the model assumptions are properly 
constructed and scaled.  
  
		
16 
 
Figure 1.3.1 The Various Forms of Silk-based Biomaterials 
From natively-sourced silk, it is possible to regenerate the material into various forms 
that can take on specific functions catering to targeted applications. Reprinted from 
(Rockwood et al., 2011) under fair use. 
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1.4 Computational Modeling of Fiber Assembly 
 A potential boon to biomaterial design exists in the concept of building materials 
with desired features without requiring any physical expression or synthesis to verify its 
properties. This is the potential power that exists in computational modeling of fiber 
formation, which is particularly appealing because many of the mechanisms of silk fiber 
production have been well characterized, as has been described earlier. By reconstructing 
the silk fiber spinning environment in a computational setting, it may be possible to 
model a means to synthetically recapitulate the ECM fibrous network in form as well as 
chemical and mechanical composition based on the knowledge gained from simulation 
results.  
 The basis of simulations that map out changes over time of the molecular 
environment is solving time-sequential iterations of Newton’s equations of motion at the 
atomic scale. This method is known as molecular dynamics (MD) (Hansson, 
Oostenbrink, & van Gunsteren, 2002), which aims to characterize a molecular 
environment by determining the motion of each atom in the modeled system. However 
proteins exist at a much larger scale than atomistic modeling can capably capture. The 
high resolution of MD would require too much time and computational power to 
calculate the timescales of large macromolecular events.  
This issue with MD can be overcome by coarse-graining the molecular 
environment of the modeled system (Kmiecik et al., 2016). Coarse-graining combines 
model elements in a system together in order to reduce the calculations necessary to 
describe a large system, e.g. representing many water molecules as one single water bead 
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(Figure 1.4.1). The advantage this provides is the capability to model larger timescales 
and molecules without increasing the computational demand. Because high MW proteins 
are the molecules of interest in these studies, the most appropriate base scale for the 
modeling is the amino acid level.  
In order to scale to this level, an overarching behavior must be used to describe 
the 20 unique amino acids found naturally in proteins in a generalized way. Ionic and 
polar interactions of the side-chains at neutral pH provide for a broad categorization of 
each amino acid as either being principally hydrophilic or hydrophobic. The degree of 
hydrophobicity depends heavily on the side chain, which have each been characterized on 
a rank scale that estimates the hydrophobic contributions of each amino acid of a peptide 
sequence (Table 1.4.1) (Kyte & Doolittle, 1982). It is well known that hydrophobic 
effects are the greatest contributor to protein folding in vivo (Dill, 1990), which provides 
good justification to simplify amino acid dynamics down to this interaction force for 
modeling purposes. With this simplification, modeling the fiber environment over lengths 
and timescales that can capture the molecular landscape involved in producing a fiber 
becomes possible.  
Even so, native fiber-forming proteins can still present a problem of being too 
large even when coarse-graining is done such that each model element represents one 
amino acid residue. This problem can be addressed in two ways: first, modeling entire 
protein sequences can be avoided by focusing on segments of the sequence most 
responsible for protein function, such as the highly repetitive core domain of silk (Jin & 
Kaplan, 2003) or the type III repeat unit of Fn (Litvinovich et al., 1998; Martino & 
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Hubbell, 2010). Second, coarse-graining can be scaled further into the mesoscale so that 
it does not lose critical functional information but can still reduce computational 
demands.   
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Table 1.4.1 Normalized Hydrophobicity (Hydropathy) Values of the 20 Amino Acids 
Reprinted from (Kyte & Doolittle, 1982) under fair use. 
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Figure 1.4.1 Scaling Relationship Between the Size and Timescale of Matter 
Matter scales in terms of the size of its events, such as movement, and the length of time 
it takes to accomplish that event. When modeling is performed at the atomistic scale 
through MD simulations, the viewable window to describe such scaling events is 
restricted for larger processes and materials. Also, due to significant computational cost, 
it is unreasonable to model large processes, such as protein folding and polymerization, 
using such a finely focused tool. Coarse-grained modeling enables the study of these 
events. While accuracy is sacrificed, correct conclusions can still be drawn from the 
results of a well-constructed, simplified model system. Reprinted from (Kmiecik et al., 
2016) under fair use.  
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1.5 Combining Experimentation with Modeling to Expand Fiber Assembly 
 Modeling fiber networks using coarse-grained simulation provides a basis to 
develop an encompassing predictive environment to describe fiber assembly. However, to 
develop a sufficiently strong model system to accurately predict fiber behavior in silico, it 
must be coupled with experimental investigations that adhere to the constraints of the 
modeled environment. These experiments then provide a source of physical data that 
provides feedback to the model. This process can be used iteratively until there is 
sufficient agreement of the computational and physical data (Figure 1.5.1).  
Regarding protein fibers, the experiments that must be correlated to the model 
begin with peptide design, expression, and manipulation. This production component was 
described earlier when discussing recombination methods for silk and it represents an 
ideal method to unify modeled sequences with real biological products. Beyond sequence 
customization, a greater difficulty exists in unifying model results with physical fiber 
characteristics. Mechanical values such as ultimate strength, Young’s modulus, 
extensibility, and toughness require correlated quantified metrics from the model 
environment to be developed. These computationally generated metrics can be 
extrapolated from spatial data in the model using bonding assumptions (Lin et al., 2015). 
This enables partitioning of the simulation elements into crystalline clusters (self-bonded) 
or amorphous regions (solvent-bonded), which can then be correlated to secondary 
structures of proteins, most especially β-sheet structures. There is substantial evidence of 
the strong relationship between β-crystallinity and mechanical properties (Keten, Xu, 
Ihle, & Buehler, 2010; Olena Tokareva, Jacobsen, Buehler, Wong, & Kaplan, 2014; O. S. 
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Tokareva et al., 2014), which enables comparisons to be drawn between the crystal 
network of the model and measured physical properties of the model peptides (Figure 
1.5.2). 
These correlated data gained from simulation on the assembly of peptide strands 
can then be used as a feedforward system of information to fulfill the primary research 
goal of this work. As discussed earlier, full-length proteins that exist in physiologically 
relevant conditions (e.g. varying pH and salt concentrations) are not able to be modeled 
due to computational constraints. However, based on conclusions from the modeling, 
full-length proteins can be manipulated experimentally to determine if similar fiber 
outcomes can be met when a much more diverse materials base is used. Of greatest 
interest to test are proteins that occur as fibers naturally in vivo such as Fn, collagen, and 
laminin. Reconstituting these proteins as fibers using the model-informed, wet-spinning 
approach described here would present a new and simple means of recapitulating matrix 
fibers in vitro. This would constitute a significant finding because of its great potential 
compared to its minimal input required for success. Developing such a reliable and 
simple means to generate matrix fibers potentially opens up numerous research and 
bioengineering applications and would represent a valuable contribution to the fields of 
material science, molecular biology, and tissue engineering. 	  
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Figure 1.5.1 Iterative Design Process Combining Modeling and Experimentation 
This schematic figure shows the general workflow idea behind the iterative modeling-
experimentation feedback system (red arrows represent feedback, blue arrows represent 
inputs). It all begins with a specific material demand in order to generate a specific 
outcome. Specifically regarding the work presented here, the desired output is a fiber that 
resembles native ECM fibers in form and function. Through a developed understanding 
of fiber assembly mechanisms, it is possible to model a manner in which such a material 
could be created. Parts of this figure are adapted from (Lin et al., 2015) under retained 
authorship rights.  	  
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Figure 1.5.2 Modeling Scheme That Correlates Physical Properties to the Simulation 
Scheme showing some snapshots of coarse-grained modeling results are shown. 
Correlations to physical properties can be made from this representation of the molecular 
architecture of a recombinant protein fiber. Hydrophobic aggregations (red clusters on the 
left, discrete red dots on the right) are representative of crystalline domains. The 
amorphous regions between these domains (cyan clusters on left, black lines on right) 
represent the interconnectivity of the crystalline network. By quantifying these regions, 
parameters that correlate to measured physical properties can be produced. In turn, the 
structure-function-property relationship between sequences and fiber products can be 
better explained and applied. Adapted from (Jacobsen, Tokareva, et al., 2016), currently 
under review. 
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CHAPTER 2: SPECIFIC AIMS 
 The process involved in developing a method to enable rapid production of ECM 
fiber analog structures was accomplished in three Specific Aims. These aims focused first 
on gaining an understanding of protein fiber formation from a molecular perspective in 
order to apply that information to larger physiological scales. The Aims were laid out as 
follows: 
Specific Aim 1: Develop an integrated experimental/computational model system to 
describe protein fiber assembly 
 At the core of developing a fiber production system is the need to understand how 
the molecular landscape changes throughout the fiber spinning process and how this is 
affected by differences in sequence and chain length. First, simulations must be able to 
predict if a model sequence is able to form fibers in a network assembly. Once this 
fundamental capability is established, the simulations must then be able to predict how 
varying the sequence alters the resulting network structure. From these predicted 
structures, quantified metrics must be extracted in order to correlate with physical 
properties to enable proper feedback from experimental data. Once these correlation 
values are established, simulation can then be used as a tool to predict scaled behavior for 
full-length proteins, which fall beyond the scope and capabilities of this level of 
mesoscale modeling. 
Specific Aim 2: Validate simulations using model recombinant peptides 
 To ensure that the model is based on true physical results, it is necessary to 
synthetically produce the modeled peptides and test them in conditions as similar to the 
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constrained model as possible. DNA recombination in bacteria provides a means by 
which these short peptide sequences can be expressed. The peptides must correlate with 
the model on two levels. The first is a qualitative correlation that is based on whether the 
proteins behave in a similar manner as they are predicted in the model i.e. if they spin 
into fibers, aggregate in solution, or remain in solution. The second level is quantitative 
in nature and requires the modeled results to correlate with physical properties from the 
processed peptides. Tensile testing can determine the strength, modulus, extensibility, 
and toughness of a material while also evaluating viscoelastic behavior. Finding the 
correct correlations in these values will increase the predictive power of the model 
significantly and enable the next step of scaling the model results to full-length peptides. 
Specific Aim 3: Apply confirmed conclusions to full-length protein sequences 
 The knowledge collected from the model allows predictions to be made regarding 
the assembly capabilities of the much larger, full-length proteins of interest. Breaking 
down amino acid sequences of these proteins into their respective coarse-grained 
representations allows for a prediction to be made regarding protein-specific fiber 
forming capabilities. Sequences functioning as positive and negative controls can 
highlight accuracy of these qualitative predictions and demonstrate where there is still 
need for improved correlations. Protein alloy mixtures consisting of proteins capable of 
forming fibers and those that are difficult to generate fibers due to low concentrations or 
low hydrophobic content can be produced to fortify the molecular structure of the weaker 
peptide network. Alloy fibers can then be studied for hybrid functionality of its 
constitutive parts to delve into the utility of such a fiber spinning methodology. Taken 
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together, these Specific Aims will deliver a platform to model the molecular network 
capabilities of new theoretical sequences and set forth the method by which full-length, 
biologically relevant proteins can be cast into fibers for a wide array of biomaterial 
applications.   
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CHAPTER 3: METHODS 
3.0 Recognition of Collaborative Contributions 
 The scope of a large portion of the research comprising Aims 1 and 2 
encompassed a large collaborative effort spanning three universities: Boston University, 
Massachusetts Institute of Technology (MIT), and Tufts University. As a consequence, 
several components of this work were performed by collaborators in concert with 
iterative feedback from the whole group. All was done as part of the overarching research 
goal of the studies presented herein. For clarity on specific research contributions, 
methods presented in the main body of this work constitute the work performed by the 
author. Appendices A and B detail the specific methodological contributions from 
collaborators with the appropriate acknowledgements. Discussion and interpretation of 
the results obtained collaboratively constitute a joint finding of the whole group, 
especially because of their application to downstream experiments. They are, therefore, 
presented in the main text of this work in subsequent chapters as components of the 
author’s dissertation.  	  
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3.1 Physical Inputs to Define the Model System 
Design and execution of a dissipative particle dynamics (DPD) coarse-grained 
simulation was accomplished through collaboration with researchers at MIT. For details 
on the modeling parameters and conditions, please see Appendix A. This model was 
constructed based on physical inputs in order to have an initial frame of reference 
founded in physiologically relevant expectations. As a consequence of this design 
paradigm, physical feedback data ought to be much simpler to implement and ultimately 
facilitate the generation of physically well-correlated computational metrics. 
Differences in time resolution of events presented an important point to adapt. 
Time steps in modeling are much smaller than anything that can be reproduced 
experimentally. To bridge this gap, time steps of the model needed to be sufficiently large 
such that when shear is introduced to the system it would not generate a shear rate that is 
too unrealistic for comparisons to be made of biological analogs. Based on predictions of 
silk spinning (Breslauer et al., 2009) and supplemented by fluid dynamics simulations (Li 
et al.), physiological shear rates can reach magnitudes above 103 s-1; however, synthetic 
spinning shear rates typically only reach 102 s-1. In contrast, the resolution of MD 
timescales produces shear rates that easily exceed 1012 s-1 with standard time steps in the 
femtosecond range. This very large gap between physiology and computation required 
that the largest possible coarse-graining be applied after considering the other physical 
limitations. This was necessary to shrink this gap by as many orders of magnitude 
possible in order to minimize the possibility that modeled predictions were an artifact of 
relative timeframe discrepancies. 
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With this information, the most important input became determining the 
minimum functional scale that coarse-graining should address to properly describe 
peptide assembly. The physical interactions of the amino acid chains that lead to 
hierarchical structure formation needed to be conserved. In this respect, it had been 
shown previously that β-strands as short as 2 residues are capable of forming stable β-
sheet interactions (Meier & Seelig, 2008), with the most common number of residues 
between 5 to 6 (Baker & Hubbard, 1984). This signified that the lowest resolution 
required to encapsulate β-strand associations was between 2–6 amino acid residues. Also 
under consideration were the lengths of specific functional motifs, whether repetitive or 
discrete, such as collagen’s GX1X2 triplets that enable tight helical twisting (Fratzl et al., 
1998) and Fn’s RGD triplet that acts as an adhesion site (Main, Harvey, Baron, Boyd, & 
Campbell, 1992). These repeats are composed of amino acid triplets, which is a common 
residue repeat length (Marcotte, Pellegrini, Yeates, & Eisenberg, 1999) that also satisfies 
the minimal β-strand resolution. Considering this with the issues of timescales, coarse-
graining to three amino acid residues was selected in order to scale the system to a 
mesoscopic level that should maintain key structural information while also reducing the 
time differential.   
Apart from the scale of coarse-graining, another consideration was the quantity of 
peptide structures used during a simulation. There are no concentration constraints on 
model systems apart from the size of the simulation space itself. However, physical 
peptides have saturation points in water that vary as a function of their sequence and size. 
Based on common concentration ranges possible of several lower molecular weight 
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peptides (see Section 3.4), a reasonable expectation for the possible concentration of 
short length, amphiphilic molecules resides between 5–25% w/v.   
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3.2 Summary of Simulation Scheme 
Based on the enumerated physical inputs, hydrophobic (a) and hydrophilic (b) 
coarse-grained beads representing 3 amino acids each were used to assemble connected 
chains that modeled the peptide sequences. The arrangement of the beads was inspired 
from the MaSp1 protein of N. clavipes (Figure 3.2.1). The repetitive core domain of this 
silk protein produced a characteristic block copolymer structure consisting of alternating 
series of 5 a beads and 7 b beads, labeled as the ‘A’ hydrophobic and ‘B’ hydrophilic 
blocks, respectively. Other components that were modeled included a purification tag, the 
‘H’ block, consisting of 16 b beads, which was required for physical purification (see 
Appendix B for more information) and was done to maintain internal consistency with 
experimental results. Two terminal modifications were also modeled: the modified 
terminal domain (MTD), a non-repetitive amphiphilic sequence 
(b3 a3 b2 a2 b11 a6 b a b2 a b7 a4 b) based on the highly-conserved N. clavipes N-terminal 
domain, and the 24philic terminal, a series of 24 b beads equivalent in length to an (AB)2 
block repeat. 
Each fully assembled construct was tested in the same manner. The simulation 
space was filled with a 20% v/v fraction of the protein to make a concentrated yet 
physiologically reproducible solution. The constructs were then monitored over the 
course of 3 stages: (I) initial equilibration of the system, (II) application of shear in the 
direction of the x-axis, and (III) equilibration after shear to relax the system. The 
resulting shear rate in the model after coarse-graining was 108 s-1. While this value was 
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still much greater than the ideal range, it does represent a significant improvement with 
better correlation potential than if it were still orders of magnitude higher.   
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Figure 3.2.1 MaSp Sequences and Their Organization into Modeled Beads  
(a) Table giving the amino acid sequences of two constructs with coloration added to 
show how they are partitioned into the modeled sequences. (b) Illustration demonstrating 
the composition of bead chains. All of the AB block copolymers simulated were 
constructed following this a, b alternating bead paradigm. Adapted from (Jacobsen, 
Tokareva, et al., 2016), currently under review. 
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3.3 Expression and Preparation of Recombinant Peptides 
 DNA recombination for expression of the modeled peptides was accomplished 
through collaboration with researchers at Tufts University. For details on the methods 
used to accomplish this work, please see Appendix B. Through these techniques, 
quantities of lyophilized proteins were supplied. Specifically, H(AB)2, HA3B, HAB3, 
H(AB)12, and H(AB)12MTD were generated in order to correlate the model predictions of 
those sequences with physical data. The MTD sequence alteration and its respective 
modeled outcomes were specifically suggested as new tests to produce peptides with 
improved solubility while also providing a more direct contrasting comparison to the 
H(AB)12 peptide and its fiber properties.  
 Spinning dopes of the lyophilized proteins were made for all protein constructs by 
dissolving the peptides in Ultrapure water (Merck Millipore, Billerica, MA) through 
pipetting and mild vortexing. The content of the spinning dope was restricted to pure 
water alone in order to align with the model conditions and obtain the best possible 
correlations. The desired concentration for all dopes was 20% v/v to match the model 
condition. However, solution saturation did occurred in numerous cases. In the case of 
saturated solutions that were capable of generating fibers, the undissolved remainder was 
removed from the initial dope, measured, and used to calculate the actual spinning 
concentration.  
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3.4 Preparation of Full-length Protein and Alloy Solutions 
Several full-length proteins were prepared in order to test the extension of the 
model conclusions. SF was selected as a positive control due to the high percentage of 
β-sheet forming regions in the sequence and because in previous studies it had been 
shown that SF is able to form fibers using a shear extrusion, wet-spinning methodology 
(Yan, Zhou, Knight, Shao, & Chen, 2010). It was sourced from the cocoon of B. mori and 
prepared into an aqueous solution following an established protocol (Rockwood et al., 
2011) as described in Appendix B.  
As a negative control, synthetically-produced poly-L-lysine (PLL, MW of 
50 kDa, Sigma-Aldrich) was selected because of its complete lack of hydrophobic amino 
acids. Solutions were prepared by dissolving the protein in pure water at concentrations 
ranging from 1–50 wt% by gentle pipetting and vortexing. Such high concentrations were 
possible due to the complete hydrophilicity of the protein sequence coupled with a 
relatively low MW. As another negative control, the highly prevalent serum protein 
bovine serum albumin (BSA, Sigma-Aldrich) was used due to its globular structure that 
does not form fibers naturally in vivo (Kowalczyk, Nowicka, Elbaum, & Kowalewski, 
2008). It was dissolved into pure aqueous concentrations ranging from 0.1–25 wt% in a 
similar manner. 
Proteins found in the ECM that comprise the fibrous matrix were of most interest 
to investigate their fiber-forming capabilities. The selected proteins were collagen, in the 
form of gelatin (Sigma-Aldrich), laminin (Corning Inc., Corning, NY), and Fn. Gelatin 
was prepared in pure water concentrations between 1–10 wt%, which was limited in 
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range due to gelation occurring at higher concentrations. Laminin was received in 
solution at 1 mg/ml (0.1 wt%), which was concentrated up to 2.66 mg/ml by storing it in 
a vacuum desiccator chamber (Fisher Scientific, Pittsburgh, PA) for 4 hrs. Whole Fn 
protein was isolated directly from human blood plasma (Valley Biomedical, Winchester, 
VA) and filtered using a two column chromatography separation using sepharose 4B 
(Sigma-Aldrich) followed by gelatin-sepharose 4B (GE Healthcare, Chicago, IL). Eluted 
Fn was stored in 1x phosphate-buffered solution (PBS) (Corning Inc.). A portion of the 
isolated Fn was labelled with Alexa Fluor 633 (Life Technologies, Grand Island, NY) via 
succinimidyl ester chemistry in order to examine integration within alloy fibers via 
microscopy. Final solution concentrations were all determined through UV spectroscopy.  
Lastly, protein alloy solutions were inspired by the extrapolated model hypothesis 
that supplementing a protein’s molecular structure with another protein that is rich in 
crystalline-forming domains should synergize their assemblies and generate a hybrid 
fiber structure. SF, as the positive control, became the basis to test the hypothesis. Fn was 
used as the principal alloy component for SF due to its higher availability and aqueous 
stability compared to laminin and gelatin, respectively, and greater tissue-focused 
relevance compared to PLL or BSA. SF-Fn alloys were prepared simply by mixing 
previously prepared Fn and SF solutions to a desired SF:Fn ratio for spinning.   
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3.5 Wet-spinning of Protein Solutions 
Fibers were spun from prepared solutions using two methods: shear extrusion and 
microfluidic spinning. Shear extrusion was used to validate the spinning capabilities of 
all of the modeled sequences. It was done following a standard method (Teule et al., 
2009) in which the peptides are exposed to high degrees of shearing before the solution is 
dehydrated to condense the extruded product (Figure 3.5.1). Spinning dope was loaded 
into a 250 μl gastight syringe (Hamilton Company, Reno, NV) and pumped through 23–
32G needles (Becton Dickinson, Franklin Lakes, NJ) directly into a coagulation bath at 
1–15 µl/min depending on the gauge. The coagulation solutions used ranged from 70–
100% methanol (MeOH, Fisher Scientific) when extruded laterally to hasten fiber 
formation times, which allowed direct pulling manually, and 90–100% isopropanol (IPA, 
Sigma-Aldrich) when flowed vertically to prevent early coagulation from blocking steady 
flow (X. Chen, Cai, Ling, Shao, & Huang, 2012; Um, Kweon, et al., 2004). Extruded 
fibers remained in their coagulation baths for at least 20 s and 1 min, respectively, before 
being collected around a mandrel with a rotation speed equivalent to the exit speed of the 
solution to prevent post-spin stretching.  
Microfluidic spinning is an adaptation of shear extrusion and was performed as 
previously documented (Kinahan et al., 2011). Both methods have been reported to give 
similar mechanical properties (Kinahan et al., 2011; Yan et al., 2010) and were used 
interchangeably on fiber systems that had already been verified with respect to the model 
in order to enable parallel fiber processing. The added component in microfluidic 
processing is flowing the spinning dope from the needle through a poly(dimethyl 
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sulfoxide) (PDMS) (Dow Corning Corporation, Midland, MI) microfluidic device prior 
to extrusion in a coagulation bath (Figure 3.5.2). Specifically, the dope is flowed between 
0.35–1.4 µl/min into two orthogonal streams of acidified 3% poly(ethylene oxide) (PEO) 
(Sigma-Aldrich) with pH 1.5 and flow rates between 1.0–2.5 µl/min. At the channel 
intersection, PEO solution surrounds the SF solution, causing elongational flow that 
achieves parabolic flow with an exit flow rate between 1.7–4.0 µl/min. The acidity from 
the PEO solution adds an extra fiber assembly mechanism, but the greatest advantage is 
improved control of extruded fiber diameters for mechanical testing and cell interactions. 
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Figure 3.5.1 Shear Extrusion Schematic with Collection System 
This schematic shows the simple system required for basic application of shear extrusion. 
A loaded syringe with a needle of small inner diameter (≥ 23 gauge) is used to inject 
spinning dope into a collection bath filled with a coagulation solvent. After exposure to 
the solvent for a short period, the spun product can be collected continuously using a 
mandrel and motor system to be prepared for testing. Part of this scheme has been 
adapted from (Lin et al., 2015) under retained authorship rights.  
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Figure 3.5.2 Schematic of Microfluidic Device 
(A) The PDMS device has channels with 400 µm width on all sides. Channel heights are 
varied to create a surrounding flow as silk (1) flows into the orthogonal flow of PEO (2) 
before establishing elongated flow by the end of the channel (3). (B) Still microscope 
image taken of a silk-inspired peptide being spun through the device showing the 
elongating component as flow is focused at the channel intersections, exposing the 
spinning dope to H+ ions via the acidified PEO solution. Parts of this figure were adapted 
from (Kinahan et al., 2011) under fair use.  
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3.6 Mechanical and Physical Characterization of Fibers 
Mechanical properties used for comparison with quantified model metrics were 
obtained using a uniaxial tensile stretch test on all sequences that spun fibers as well as 
alloy fibers. The testing was performed on an Instron Microtester (Norwood, MA) using 
a 5N load cell with 100 Hz sampling rate. Fiber samples were loaded onto custom frames 
in order to mount to the testing apparatus (Figure 3.6.1). Once the samples were loaded, 
frames were sacrificed and fibers were pulled at a strain rate of 0.01 s-1 until failure. 
Force data were collected and normalized to stress values based on respective diameter 
measurements of each fiber tested. Fiber diameters were determined via light microscopy 
on an Olympus IX81 (Center Valley, PA) under 20x magnification and averaged over the 
length of the fiber. Additionally, the tensile properties of wetted alloy SF-Fn fibers were 
measured using a custom-built tissue stretcher capable of detecting softer forces reliably 
in the 0.1–100 mN range (Backman & Wong). The strain rate was increased to 0.05 s-1 
because of the gains to extensibility in the water bath environment. Stress-strain curves 
were generated and analyzed for all data to give values for the Young’s modulus, 
elongation at failure, ultimate strength, and total material toughness. 
Secondary structure characteristics of the recombinant peptides (see Appendix B) 
and the SF-Fn alloy fibers with control comparisons were investigated for structural 
correlations using Fourier transform infrared spectroscopy (FTIR). This was performed 
on a Nicolet 4700 FTIR machine (Thermo Electron Corps., Madison, WI). Background 
spectra without the sample present were first measured for noise filtering. Then, each 
sample was probed and reported as an average of 1000 scans with a resolution bandwidth 
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of 4 cm-1. Closer inspection was made of the amide I region between 1720–1580 cm-1 in 
order to assess and qualify any changes or disruptions to the signal occurred, which 
would suggest alterations at the secondary structural level (Hu, Kaplan, & Cebe, 2006). 	  
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Figure 3.6.1 Scheme of the Mechanical Loading onto Sacrificial Frames 
(A) Fibers are set onto frames made of plastic with adhesive (two-sided tape, epoxy, 
quick-dry glue) applied to either side of an open central gap. (B) The frame is sacrificed 
after setting on the testing apparatus (Instron, custom stretcher) (C) Testing commences 
after extending the fiber to the 0% strain point where force begins to be detected by the 
sensor. 
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3.7 Cellular Interactions with Alloy Fibers 
As a means of investigating if alloy SF-Fn exhibited dual functionality, 
biocompatibility studies were performed by monitoring cellular adhesion, migration, and 
viability. Cell adhesion to the alloy fibers was tested by placing spun fibers onto a 12% 
PAA gel (Bio-rad Life Science, Hercules, CA) cast covalently onto a silanized 30 mm 
glass coverslip (Warner Instruments, Hamden, CT) inside a 1-cm tall custom-made 
culture chamber.  PAA gels were used as a background surface due to their characteristic 
non-fouling and biologically inert characteristics (Schnaar, Weigel, Kuhlenschmidt, Lee, 
& Roseman, 1978; Weigel, Schnaar, Roseman, & Lee, 1982). NIH 3T3 fibroblasts, 
primary bovine aortic endothelial cells (BAEC), and primary bovine vascular smooth 
muscle cells (BVSMC) were cultured using Dulbecco’s modified eagle medium 
(DMEM) with 1.0 g/L glucose (Life Technologies) and enriched with 10% fetal bovine 
serum (FBS) (HyClone, Logan, UT). Once confluent, cells were passaged and spun down 
to remove all media. The cells were resuspended in serum-free DMEM and seeded onto 
PAA gels at a density of 7,500 cells/cm2. The fibers were incubated with cells present for 
24 hours. Images were taken of the fibers before and after a PBS wash, which removed 
debris and unattached material from view. Quantification was done by observing each 
attachment locus along the length of the fibers rather than by counting number of cells 
attached. For each attachment locus, the site was characterized as either a cell cluster, 
with more than one cell attached to the same location, or as an individual cell on the 
fiber.  
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Migration and viability were monitored similarly. The 3T3s, BAECs, and 
BVSMCs were seeded using the same procedure except they were resuspended in 10% 
FBS serum-enriched media and seeded at a lower density of 2,500 cell/cm2 to facilitate 
individual cell tracking. Cells were allowed to attach to control and alloy fibers for 1 hour 
after seeding and then were placed inside a microscope-mounted cell culture chamber for 
visualization. Attached cells were found and imaged every 10 minutes for 12 hours for 
each cell type. Images were analyzed to quantify the maximum cell spread length and 
1-dimensional migration components of displacement, directional persistence, and 
magnitude of movement. Viable tracked cells were characterized as cells that did not die 
or detach terminally. Cell death was defined as cells that would ball up into rounded 
morphology while attached to the fiber and then visibly burst (Figure 3.7.1). Terminal 
detachment was defined as a cell detaching that never reattached to the fiber during the 
observation period. All of these cell experiments were similarly done using the pure 
positive control of SF fibers alone in order to have a cell interaction baseline to compare 
the dual functionality of the alloys. 	  
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3.8 Statistical Analysis and Significance Tests 
Statistics were performed on experimental replicates in order to generate 
descriptive statistics of a sample population’s mean and variance. The significance of 
measured differences between two comparison populations—specifically between 
H(AB)12, H(AB)12MTD fibers and between SF, SF-Fn fibers—were determined using a 
two-tailed Student’s t-test with unequal sample variance. Differences were considered 
significant in the 95% confidence interval (P < 0.05). For survival curve statistical 
significance, a log-rank test was applied to the data using the same confidence interval. 
Data with error bars are presented in figures as either mean ± standard error or mean ± 
standard deviation, which is clarified in the figure caption. The sample size of each 
statistical representation is also given in the figure captions. 	  
		
49 
 
Figure 3.7.1 Criteria for Cell Death of the Alloy Fiber Migration Assay 
Cell death was monitored optically and two criteria were required to qualify as a death. 
First, the cell must undergo a rounding of its morphology, as seen from hours 0 to 6. 
Then, the integrity of the cell membrane must be unequivocally compromised, often seen 
as a sudden burst leaving behind debris of the cell bound to the fiber, surrounding cells, 
or both. Adapted from (Jacobsen, Li, et al., 2016), currently under review. 
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CHAPTER 4: DPD MODELING INSIGHTS REGARDING PEPTIDE 
ASSEMBLY 
 In order to accomplish Specific Aim 1 of this work, a DPD coarse-grained model 
was produced in collaboration with the Buehler lab of MIT. This modeling scheme 
follows the same principles as MD in solving Newton’s equations of motion, but with 
scaled elements. The advantages of this method are that the constituent equations form a 
thermostat (Espanol & Warren, 1995), meaning that temperature is maintained constant, 
and local momentum of particles is conserved irrespective of the number of particles, 
which is necessary to accurately represent the hydrodynamic nature of the fluid system. 
Using this system, molecular predictions of the fiber forming environment in peptide 
strands were generated for each of the described modeled peptides observed at the 
mesoscale. 
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4.1 Effects of Block Domain Distribution on Aggregation 
To examine how the distribution of the hydrophobic and hydrophilic block 
components affects the connectivity of a molecular network, 3 arrangement permutations 
were constructed with a total of 4 co-blocks elements each: H(AB)2, HA3B, and HAB3. 
During all stages of the simulation, a beads exhibit a tendency to cluster together (Figure 
4.1.1a). These hydrophobic associations are products of hydrogen bonding in the model 
and are a representation of crystalline domains within the molecular structure. The most 
notable difference observed between the three constructs is that as the number of ‘A’ 
hydrophobic blocks increases in the sequence there is a resultant increase in the size of 
self-assembling micelles. This trend is in accordance with previous studies (Mai & 
Eisenberg, 2012; Sheng, Wang, Chen, & Tsao, 2007) that have observed the micelle-
forming tendencies of predominantly hydrophobic block copolymers. 
In stage II when shear is applied, polymer chains extend in the direction of shear, 
which forces cluster consolidation into larger micellar structures in all sequences, but 
significantly more so for HA3B (Figure 4.1.1b), which is consistent with other studies on 
molecular reordering caused by shearing (Chremos, Chaikin, Register, & 
Panagiotopoulos, 2012). The connections that exist only with the H(AB)2 construct are 
also reoriented in the direction of shear, leading to anisotropy in the network and showing 
the first semblance of a fiber structure. However, the connectivity of this construct is not 
robust enough to form connections across the entire simulation space. Still, it provides 
valuable information regarding the distribution of the co-block elements: ‘B’ blocks are 
necessary to form the connection bridges between crystalline clusters. However, these 
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blocks also require an incorporated ‘A’ block on the distal end of the chain in order to 
allow bonding interactions with a proximal cluster. Both the HA3B and HAB3 constructs 
lack at least two separated, discrete ‘A’ blocks, which makes it impossible for them to 
form network connections with neighboring clusters and forcing them into their lowest 
energy conformations as isolated micelles (Figure 4.1.2).   
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Figure 4.1.1 Simulation Snapshots of Varied AB Domain Distributions 
(a) Image of the simulation box during initial equilibration including the network analysis 
with coloration added to distinguish the H-tag (green), A-block (red), and B-block (blue) 
for the three short constructs. Collections of red clusters can be seen for all constructs, 
but the largest are found in HA3B, which has the largest number of hydrophobic domains. 
In the case of H(AB)2, a network can start to be seen emerging with clusters connected 
together through the hydrophilic domains. (b) After shearing the simulation box, clusters 
begin to consolidate leading to fewer numbers of larger clusters overall. Connections in 
H(AB)2 show the alignment in the direction of shear, which resembles the most basic 
interconnection of a fiber network. Adapted from (Lin et al., 2015) under retained 
authorship rights.  
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Figure 4.1.2 Quantified Metrics of the Varied AB Domain Distributions 
(a) Average size of each node, represented by red beads in Figure 4.1.1, demonstrates the 
size of micelle formations in the cluster. This value increase for all clusters after shearing 
is applied, but HA3B demonstrates the largest gains. This shows that highly concentrated 
quantities of hydrophobic content will tend to aggregate together. (b) The number of 
bridges refers to the connections between nodes seen in Figure 4.1.1. The only sequence 
with any bridges is H(AB)2 due to its construct having ‘A’ blocks separated by a flexible 
‘B’ block, allowing the chains to interact with two clusters simultaneously. However, this 
construct’s association potential is not strong enough to overcome shearing, which shows 
a marked decline in the number of bridges formed. Adapted from (Lin et al., 2015) under 
retained authorship rights.  
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4.2 Effects of Sequence Length on Network Assembly 
 The data from the 4-co-block constructs conclusively demonstrate that the most 
likely structure to form a fiber is one with a regular amphiphilic repetition rather than 
large homogeneous repetitions of either the ‘A’ or ‘B’ blocks. Indeed, this 1:1 ratio of 
hydrophobic-to-hydrophilic sequence blocks is a compositional pattern observed in the 
native MaSp1 sequence of N. clavipes (Lewis, 2006), which has one of the highest 
strength varieties of dragline silk compared to other species of spiders whose amino acid 
sequences have different molecular compositions (Blackledge, Kuntner, Marhabaie, 
Leeper, & Agnarsson, 2012). These data justify focusing the next set of tests on the 
H(AB)x family of recombinant sequences.  
The next question addressed computationally was regarding the effect of sequence 
length on the network capabilities of the construct. To do so, multiple length 
permutations were modeled with the base sequence of H(AB)x where x = 2, 4, 8, 12. 
During initial equilibration in stage I of the model, these proteins demonstrate a 
positively measured response to the increase in polymer length with an increase in node 
connectivity (Figure 4.2.1). When shear is applied in stage II of the simulation, the 
quantified behaviors observed in the previous investigation remain true as the number of 
connections slightly decreases for all constructs while experiencing a respective increase 
in the average size of each cluster node (Figure 4.2.2). However, the effects of chain 
length are best encapsulated by the network conductance metric, which was negligible in 
the previous assessments due to the sparsity or complete lack of node bridges. As chain 
length increases, the number of mature connections spanning the simulation space 
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increases as well. However, it isn’t until the length of AB block repeats reaches 8 that 
conductance remains nonzero throughout the duration of shearing. This result in concert 
with the results obtained from the domain distribution investigations inspire the first 
prediction regarding physical fiber spinning of this work, which is that recombinant 
peptides based on the H(AB)x sequence should be able to form fibers as long as x ≥ 8.   
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Figure 4.2.1 Simulation Snapshots of Constructs with Varied Length 
(a) Prior to shearing, there is a substantial increase in node bridging that occurs as the 
chain length increases. (b) After shearing, the higher MW constructs gain forms that 
strongly resemble fibers. The greater the chain length, the more improvement in the 
anisotropy of the molecular network. Adapted from (Lin et al., 2015) under retained 
authorship rights.  
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Figure 4.2.2 Quantified Metrics of the Varied Sequence Lengths 
(a) As was the case with the short sequences of varied block distributions, the size of 
each cluster increased over time and after shear was applied. (b) In a similar relationship, 
the number of connecting bridges very slightly when shear applied. (c) The significant 
contribution of chain length to the network is best encapsulated in the conductance of the 
sequences, which show sharp rises immediately after shearing and then approach an 
equilibrium state. The H(AB)x sequence appears to form a stable, fiber-like network of 
connections as long as the number of repeats is at least 8 or greater. Adapted from (Lin et 
al., 2015) under retained authorship rights.  
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4.3 Effects of Terminal Modification on Molecular Alignment 
 From the previous two simulations, a minimum requirement explanation of fiber 
formation has been produced. From here, the model was expanded to provide deeper 
insight beyond qualitative predictions of potential fiber spinning candidates. The 
predictive capability desired is to be able to identify material properties of fibers in silico 
to enable a means to assess sequences de novo independent of experimental feedback. In 
order to do this, accurate correlations must be made to physical values, which require a 
comparative analysis between similar constructs that vary in a controlled manner to 
generate metrics that encapsulate the behavior. The N- and C-termini are often associated 
with successful fiber spinning in vivo (Gauthier et al., 2014; F. Hagn et al., 2010; 
Kronqvist et al., 2014; Ries et al., 2014; Schwarze et al., 2013), so modification of the 
terminal sequence of H(AB)12, which has been predicted to form fibers, provides a 
controlled change that allows for molecular and mechanical comparisons to correlate the 
quantified data. 
To fulfill this objective, three constructs were produced with differing terminal 
sequences: H(AB)12, which possessed no terminal domain; H(AB)10-24philic, which 
possessed an end-chain sequence of 24 b beads in place of the last two AB repeats; and 
H(AB)12MTD, which possessed an amphiphilic terminal sequence modeled after the N-
terminal domain of N. clavipes. The mature network structures of each construct after 
final equilibration and shearing (Figure 4.3.1) show unequivocally that there are notable 
molecular changes that occur due to the incorporation of terminal domains. When these 
structures are quantitatively analyzed (Figure 4.3.2), every metric demonstrates the same 
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trend of H(AB)12 and H(AB)12MTD exhibiting the greatest difference from one another 
while H(AB)10-24philic demonstrated a measured response in between the two 
constructs. There is also consistency with the previous simulations in observing an 
overall decrease in the number of connecting bridges and overall increase in the size of 
clusters. H(AB)12MTD, in particular, showed exceptional growth in cluster size, even 
well after shearing is finished. However, comparing these constructs revealed an instance 
where network conductance failed to capture structural differences between the 
constructs, which motivated the creation of the order parameter (S) to describe the 
anisotropic quality of each unique molecular network. From this metric, it is shown that 
terminal modifications improve network anisotropy, which agrees well with studies that 
have been performed on the spider silk termini (Schwarze et al., 2013).   
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Figure 4.3.1 Final Networks of Terminal Modified Constructs 
(a) The network of H(AB)12 is characterized by a high number of connections and nodes, 
but a relative lack of anisotropy. (b) The H(AB)10-24philic network demonstrates that 
improved alignment caused by terminal modification cannot be explained solely by the 
adding length. (c) The bioinspired MTD modification produces a network with the 
highest degree of anisotropy as well as cluster consolidation into the fewest, and largest, 
number of nodes. Adapted from (Jacobsen, Tokareva, et al., 2016), currently under 
review.  
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Figure 4.3.2 Quantified Metrics of the Varied Terminal Modifications 
(a) For all constructs, shearing results in greater alignment in the direction of shear with 
H(AB)12MTD aligning to the greatest degree. (b, c) There is a universal decrease in the 
number of clusters and connections after shearing, which agrees with previous 
simulations. (g) All constructs experience increases in cluster size, but H(AB)12MTD 
exhibits a unique behavior of continuously increasing its cluster size at a high rate after 
shearing. Adapted from (Jacobsen, Tokareva, et al., 2016), currently under review. 	
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4.4 Conclusions and Predictions for Scaled Applications 
These simulation results have produced general explanations and predictions 
regarding the fundamental requirements of a peptide sequence to form fibers. In the first 
simulations, it was found that the block distributions affected the degree to which the 
sequences would aggregate into micelles. It also demonstrated the need for hydrophobic 
regions to be flanked by hydrophilic areas to provide chain flexibility and allow the 
sequence to find interactions along its entire length. Indeed, this micellar behavior is in 
line with the expected natural silk environment, which likely stabilizes the amphiphilic, 
long silk chains in micelle structures (Jin & Kaplan, 2003). However, ratios leaning to 
heavily in favor of either the hydrophobic or hydrophilic domains reduce the 
interconnectivity potential (Chremos et al., 2012; Sheng et al., 2007). Projecting this 
finding to larger proteins would suggest that sequences with relatively good balance and 
distribution of hydrophobic/hydrophilic domains are good candidates to be successfully 
reconstituted using a similar spinning methodology. 
The predictions on chain length are very straightforward. When peptide chain 
length was increased in the model, the conductance of the network—the number of 
connections spanning the whole simulation space—increased as well. The forward 
prediction of this result is simply that larger protein chains will have an improved innate 
capability to form an interconnected network after shear reorientation. Of course, there is 
a physiological caveat in this prediction that solubility decreases as polymer chain length 
increases (Miller-Chou & Koenig, 2003). While the model makes no predictions 
regarding solubility, it is reasonable to extrapolate that if concentrations can be increased 
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in some manner in the protein spinning dope, it will improve the chances to form a fiber. 
The reported quantified metrics can also be used to make some qualitative 
predictions of the mechanical nature of the physical fibers when stretched through 
application of a heuristic technique. From the perspective of the model elements under a 
condition of uniaxial stretch in the shear direction (Figure 4.4.1), covalently bound 
elements, modeled as an extensible freely-jointed chain, will stretch up to a point of 
infinite resistance against further elongation first for all connections with the highest 
degree of order (highest S value) followed by those with lesser order after they are 
reoriented in the shear direction. Following this initial stretch, force will concentrate on 
the cluster regions, which consist of the hydrogen bonding, modeled as a short-wave 
harmonic potential energy function. Under sufficient force, these hydrogen bonds will be 
broken, which will allow molecules to dissociate from the cluster. While the exact 
interplay of alignment and bond-breakage is unknown, it is likely that the greatest force 
will be applied to clusters connected by well-ordered connections first followed by 
subsequent force application to clusters that are subsequently reoriented into the stretch 
direction. This pattern of molecular extension, connection reordering, and cluster 
deconstruction will continue until there is sufficient deformation to disconnect the entire 
network. 
Relating these phenomena to physical mechanics, clusters of a beads in the 
computational network are the model approximations of crystalline structures of the 
protein secondary structure and, more specifically, β-sheets. As such, the dissociation of 
molecules from the clusters when stretched describes the phenomenon of protein domain 
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unfolding. With these correlations, qualitative differences between H(AB)12 and 
H(AB)12MTD can be predicted from observation of their unique network metrics (Figure 
4.3.2). H(AB)12MTD possesses much larger clusters and higher molecular order. These 
larger cluster domains will require a greater amount of force to fully unfold and a larger 
proportion of them will be load-bearing in the early stretch regime due to the high degree 
of pre-alignment of the connections. Therefore, the H(AB)12MTD construct is expected 
to have higher strength at early strain values prior to reorientation of connections that will 
occur in the H(AB)12 construct. Conversely, the numerous and diversely aligned 
connections of the H(AB)12 network should also reach high strength, but should not occur 
until realignment of the connections is accomplished to allow the multiplicity of smaller 
clusters to become load-bearing. However, it is likely that the initially highly-aligned 
clusters will begin to unfold prior to the full reorientation of the network, which leads to a 
prediction that the material should exhibit a larger region of plastic deformation than 
H(AB)12MTD as an result of the strain-dependent failure of differently aligned crystalline 
domains.  	  
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Figure 4.4.1 Stretching Effects on Model Network 
The changes to the network of H(AB)12 can be observed by deforming the simulation box 
to generate stretch in the system. Three major events occur as a function of stretch: (1) 
connections extend and reorient in the direction of stretch, (2) force concentrates on 
aligned clusters until unfolding occurs, and (3) unfolding leads to further reorientation 
and sequential unfolding of other clusters. These phenomena, coupled with information 
regarding the size and pre-alignment of connections, inform qualitative mechanical 
predictions regarding the acute strength and plasticity of the networks. Adapted from (Lin 
et al., 2015) under retained authorship rights.  
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CHAPTER 5: PHYSICAL AND MECHANICAL CORRELATIONS TO MODEL 
To address and fulfill the research goal of Specific Aim 2, recombinant analogs of 
many of the modeled sequences were expressed, processed, and tested in collaboration 
with the Kaplan lab of Tufts University. The specific amino acid sequences of the 
designed recombinant peptides that correlated to the ‘A’ blocks of the modeled peptides 
were constructed with a rich presence of alanine, which is a strong contributor to β-sheet 
formation (Regan, 1994). Likewise, the hydrophilic ‘B’ block was composed of mainly 
GGX repeats, which is a sequence that is typically amorphous and extensible (Adrianos 
et al., 2013). The mechanical and structural outputs that resulted from the varied 
arrangements of these blocks were observed and assessed for correlative behavior to the 
model predictions. 	  
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5.1 Aggregation Networks from Short, Varied Block Distributions 
Lyophilized samples of HA3B, H(AB)2, and HAB3 were dissolved in pure water 
to create 20% w/v spinning dopes. Both HAB3 and H(AB)2 were both fully soluble 
without any sign of aggregation under no magnification. However, in the case of HA3B, 
the entirety of the lyophilized structure did dissolve, but there were notable signs of 
aggregation observed on the spinning solution without any magnification necessary. 
When all three dopes were processed using wet-spinning, none of them generated fibers 
on their own nor differentiated themselves one from another in any observable way. 
Because none of the short 4-co-block sequences could be differentiated by 
spinning results, films of the peptides were generated by drying 1.0 – 2.5 mg/ml 
concentrations on silicon wafers to observe under scanning electron microscopy (SEM) 
to determine if morphological differences could be correlated to modeled predictions. 
The films (Figure 5.1.1) show the micellar behavior that was predicted by the simulation 
results. The rank order of micelle size also completely agrees with the predictions in that 
the construct with the most hydrophobic content (HA3B) has the largest micelles and the 
structure with the least hydrophobic content (HAB3) has the smallest. The films of these 
two constructs appear very discontinuous where the micelles lead to disruption in its 
continuity. Conversely, the film of H(AB)2 appears as a continuous association of its 
component micelles. This is another point of agreement with simulation results, which 
predicted the H(AB)2 construct to be the only of the three tested that would be capable of 
forming an interconnected network. This physical data proved sufficient to justify 
observing the length effect based on the H(AB)x family of recombinant peptides.   
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Figure 5.1.1 SEM Images of Differing Films Caused by Varied Block Distribution 
By observation, morphological differences can be seen between the different 4-co-block 
arrangements. Each of these results correlate very well with the model predictions (see 
Figure 4.1.1). The nanoscale micelle structures follow the same size characteristics as 
predicted with those of HAB3 being the smallest (50–200 nm), followed by H(AB)2 
(200–600 nm), and HA3B being the largest (0.5–5 µm). In the case of H(AB)2 it also 
appears that the film is continuous, which also agrees with the model prediction. This 
figure is reprinted from the supplement of (Lin et al., 2015) under retained authorship 
rights.   
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5.2 Emergence of Fiber Formation from Longer Peptides 
From the previous experiment, the H(AB)x motif demonstrated the desired 
network quality even with a very short sequence of approximately 12 kDa. This peptide 
was lengthened by increasing the number of AB block repeats to 12, which results in an 
approximately 44 kDa peptide sequence. The simulation results predict that stable fiber 
networks should be possible with lengths as low as 8 AB repeats (~31 kDa) and that 
H(AB)12 should be even more likely to create a stable fiber network after shear extrusion.  
Lyophilized H(AB)12 was dissolved in pure water to a hypothetical 20% w/v 
concentration, as was done previously. However, for this construct there were 
undissolved particulates that were spun down and removed from the sample after 
sufficient mixing had been done. Numerous repetitions signaled that the average final 
concentration for this sequence is near 15% w/v, which decreases some degree of 
correlation with the model. Notwithstanding this discrepancy, wet-spinning of the 
homogeneous, saturated solution of H(AB)12 yielded continuously extruding fibers for 
the first time (Figure 5.2.1). The characteristics of these fibers will be discussed in depth 
in the next section, but as a link to the previous experiment, this construct was also used 
to make films in the 1.0–2.5 mg/ml concentration range (Figure 5.2.2). The spontaneous 
formation of micro- and nano-scale fibers that occurs as water is evaporated during film 
formation further supports the clear indication that the network capabilities of the H(AB)x 
constructs scale with length as predicted in the model. 	  
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Figure 5.2.1 Microscopy of Emerging H(AB)12 Fibers Under Manual Extrusion 
(a) Brightfield imaging in left and right top panels of H(AB)12 fibers that were extruded 
from the end of the needle by pulling under two different magnifications. Using this 
extrusion technique, individual fibrils formed and can be seen that, together, they make 
up a larger fiber structure. (b) SEM images of a single fibril strand, showing a small 
diameter and having a generally smooth surface. Adapted from (Lin et al., 2015) under 
retained authorship rights. 	  
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Figure 5.2.2 Film Morphology of Low Concentration H(AB)12 
The top panel contained a solution concentration of 2.5 mg/ml and the lower panel had 
one at 1.0 mg/ml. In both cases, the broader connective capability of the H(AB)12 system 
is shown when compared with the film morphologies of the 3 short peptides attempted 
first (see Figure 5.1.1). Adapted from the supplement of (Lin et al., 2015) under retained 
authorship rights.  
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5.3 Comparison of Fiber Properties Resulting from Terminal Modification 
The next step necessary to correlate the quantified model metrics with measured 
physical characteristics was to generate a mechanical comparison between the 
successfully spun fibers of H(AB)12 with a similar, yet modified, construct. The 
modification selected to enable this comparison was the addition of a terminal domain to 
the C-terminus of the peptide. In each of the model peptides expressed so far, the H-tag 
has acted as a de facto N-terminal domain by providing a notable length of hydrophilic 
peptides to the overall sequence. However, the C-terminal has simply been the blunt end 
of the final AB repeat, which is not likely to confer the same orientation catalyst as is 
expected from a devoted terminal domain (Heidebrecht et al., 2015; Schwarze et al., 
2013). For this reason, the MTD domain was attached to H(AB)12 to generate the 
H(AB)12MTD sequence with the expectation, based on model results, to identify 
differences in mechanical properties based on the changes to the molecular structure 
caused by the MTD addition.  
Both H(AB)12 and H(AB)12MTD were spun into fibers via shear extrusion wet-
spinning. Spinning dopes were prepared in water to be consistent with the modeled 
environment. However, similar to the sub-20% w/v saturation point seen for H(AB)12 
dopes, the maximum concentration of H(AB)12MTD is similarly 15% w/v, leading to no 
statistical difference in maximum concentration of the peptides. This suggests that the 
MTD does not augment sequence solubility as initially expected prior to modeling 
despite adding more hydrophilic residues to the peptide sequence. This may be an artifact 
of a slightly larger MW (57 kDa). Nonetheless, both of the saturated aqueous solutions 
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yield continuous extrusion of heterogeneous fibers throughout the spinning process 
(Figure 5.3.1). The average diameters of spun fibers do exhibit significant differences 
(P = 0.019), yet occur under identical spinning conditions. Closer examination of the 
fibers using SEM reveals a multi-level hierarchical architecture showing interconnected 
spherical micellar structures are the base building block of the mature fiber. This 
morphology resembles the aggregation of a beads from the simulation results, which is 
good visual substantiation that the network assembly involved in forming a fiber 
focalizes around hydrophobic clustering. The model data also show H(AB)12MTD to 
have larger nodes than those of H(AB)12, which may explain the larger diameter fibers of 
H(AB)12MTD as a scaled consequence of the larger molecular building blocks. 
Physical properties were characterized through uniaxial tensile testing and FTIR 
spectroscopy on fibers without any post-spin conditioning. Stress-strain relationships 
with summary statistics of engineering values were generated from the uniaxial tensile 
data (Figure 5.3.2a–c). All calculated values demonstrated statistical significance; 
however, ultimate strength (P = 0.045) and Young’s modulus (P = 0.045) were rather 
slight qualifiers. Indeed, due to the inverse relationship reported between the diameter of 
polymer fibers and their strength and modulus (Liivak, Blye, Shah, & Jelinski, 1998), the 
differences between these values of the two constructs can be accounted for entirely by 
their diameter mismatch rather than an intrinsic difference in each construct’s strength. 
This signifies that addition of MTD to the core region does not affect the strength or 
Young’s modulus of the resulting fibers.   
So while the MTD does not appear to affect the strength or modulus of the 
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H(AB)12 system, it does have a clear negative effect on its extensibility.  The elongation 
strain at failure falls from approximately 50% to 10% causing a significant reduction in 
the total energy the system can endure before fracture, defined as material toughness. 
This 10% failure strain point of H(AB)12MTD fibers is much more similar to the typical 
10–15% failure strain range of native dragline fibers than that of the extensible H(AB)12 
fibers (Shao & Vollrath, 1999). When the material properties of both artificial constructs 
are observed prior to the 10% failure point, the toughness values of both constructs are 
virtually indistinguishable. The highest strength value achieved to that point by 
H(AB)12MTD is also significantly higher (P = 0.013) than that of the H(AB)12 fibers. In 
other words, H(AB)12MTD fibers approach a greater stress value relative to their ultimate 
strength (98.1%) by the 10% strain point than those of the standard AB block copolymer 
(64.8%). Even though the addition of MTD significantly reduces overall extensibility, it 
does have an acute strengthening effect by eliminating the plastic deformation region 
seen in H(AB)12 fibers.  
Secondary structure distributions were semi-quantitatively analyzed using FTIR 
on both lyophilized samples and spun fibers for both constructs (Figure 5.3.2d, e). The 
amide I region (1720–1580 cm-1), which has been correlated to protein secondary 
structures, can be deconvolved to obtain relative quantities (Huang, Krishnaji, Hu, 
Kaplan, & Cebe, 2011; Krishnaji et al., 2013; Olena S. Rabotyagova, Peggy Cebe, & 
David L. Kaplan, 2010). Lyophilized powders are shown to generally lack β-sheet 
content, being dominated by α-helices prior to spinning. Fiber spinning induces the 
α-helical content of H(AB)12MTD to increase further, while the same process decreases 
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helices in H(AB)12. Both gain significant β-sheet content, but H(AB)12 gains a much 
larger relative amount, which has a positive correlation with the number of clusters 
modeled parameter where H(AB)12 maintains a larger number of smaller clusters than 
those of H(AB)12MTD. 
Interestingly, when the recombinant proteins’ secondary structures are compared 
with mechanical data, an unexpected phenomenon is observed. Despite a near half-fold 
decrease in β-sheet content and respective doubling of α-helical content in H(AB)12MTD, 
there is not a remarkable change to the strength nor modulus of the fibers compared to 
H(AB)12. Typically, β-sheet crystallinity is assumed to play the greatest role in the 
mechanical integrity of silks rather than other structural elements (Keten et al., 2010). 
However, there is prior evidence from simulation showing that α-helical structures can 
contribute large degrees of robustness to the overall material strength at modest strain 
percentages (Ackbarow, Chen, Keten, & Buehler, 2007), which may be the case for 
H(AB)12MTD and its generally low extensibility. This is interesting because it infers that 
the strength and stiffness of the H(AB)12MTD fibers are determined by an interplay of 
secondary structural elements rather than being determined by the predominance of β-
sheets alone. 
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Figure 5.3.1 Microscopic Comparisons of H(AB)12 and H(AB)12MTD Fibers  
(a) Maximum aqueous solubility as a percent of mass of the constructs was consistent for 
both spun sequences, which fell below the model concentrations (n=3). (b) Average 
diameters of fibers extruded vertically with gravity-assisted continuous flow show a 
marked increase in size compared to manually extruded fibers (Figure 5.2.1). 
H(AB)12MTD fibers extruded under identical spinning conditions as H(AB)12 fibers have 
significantly larger diameters (n=20). (c, d) Representative brightfield imaging of fiber 
products show heterogeneity with both smooth and rough surfaces. Scale bars are 50 µm. 
(e) SEM images of a H(AB)12 fiber shows that at the nanoscale, the fiber is built of 
interconnected micelle structures. (f) SEM images of the H(AB)12MTD fibers shows the 
same interconnected nature of the basic micelle building blocks in hierarchical assembly. 
* signifies P < 0.05. Error bars represent standard deviations. Part (e) was adapted from 
(Lin et al., 2015) under retained authorship rights. The other parts are adapted from 
(Jacobsen, Tokareva, et al., 2016), currently under review.  
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Figure 5.3.2 Physical Properties Characterization of H(AB)12 and H(AB)12MTD Fibers  
(a) Three representative stress-strain curves of data obtained from uniaxial tensile testing 
of H(AB)12 and H(AB)12MTD (n=18, n=20, respectively). (b) Summary statistics of all 
mechanical data. Failure strengths and Young’s moduli do not vary greatly, while the 
extensibility does change considerably. (c) Values of ultimate strength and toughness 
based on only the first 10% strain for all fibers that stretched that far without failing 
(n=10 for H(AB)12MTD). (d) FTIR absorbance in the Amide I band for spun and unspun 
H(AB)12MTD recombinant spider silks. Deconvolved peaks of the unspun spectrum are 
shown below the two curves with their corresponding secondary structures highlighted 
above the spectrum. (e) Relative percentage compositions of secondary structure 
elements for each sequence, both unspun and spun (n=3). * signifies P < 0.05, 
** signifies P < 0.001. Error bars represent standard deviation. Adapted from (Jacobsen, 
Tokareva, et al., 2016), currently under review. 	  
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5.4 Constraints of the Computational/Experimental Paradigm 
Before discussing the modeling/experimentation interplay and the resultant 
predictions and correlations that were observed in this work, it is important to consider 
the limitations of the model based on constraints that force experimental validations to 
fall outside of physiologically relevant conditions. For example, modeling with coarse-
grained protein strands may not account for some of the unique chain-chain interactions 
that exist due to specific amino acid sequences. Most notable with the terminal domains 
of MaSp1 is their dimerization characteristics under proper physiological conditions (F. 
Hagn et al., 2010; Ries et al., 2014). In the model environment, H(AB)12MTD strands are 
capable of dimerizing at the terminal domain but only due to the fact that there are 
clusters of a beads that can form hydrogen bonds. This model phenomenon occurs 
independent of pH or special bonding pairs, such as disulfide bridges, which have been 
shown to participate in silk dimerization (Sponner et al., 2005; Tanaka et al., 1999). As a 
result, there is a loss of specificity; even so, the general behavior is still recapitulated. 
Terminal dimerization does not occur if the modeled terminal is purely hydrophilic i.e. 
lacking a beads, yet there is still an improvement in the alignment of the network to a 
lesser degree (see H(AB)10-24philic, Figure 4.3.2). This evidence supports the current 
hypotheses regarding the silk terminal domains that terminal dimerization contributes to 
chain alignment, beyond hydrophilic effects. 
 The expressed peptides were also held under constraints in order to align with the 
model parameters, key of which are the lack of pH control via salt buffering and active 
H+ regulation, which are believed to be triggers for conformational changes in native 
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terminal domains (Askarieh et al., 2010; Gauthier et al., 2014; Kronqvist et al., 2014). 
Due to this lack of stabilizing ions, it is likely that the experimental peptides exist in a 
denatured state prior to spinning. This is a possible explanation as to why the solubility of 
both H(AB)12 and H(AB)12MTD is not as high as would be expected from amphiphilic 
peptides of their respective MWs (Miller-Chou & Koenig, 2003). Typically when 
solubility becomes an issue with recombinant peptides, it is increased by using a 
chaotropic solvent to dissolve the peptides, such as guanidine thiocyanate or 
hexafluoroisopropanol (Slotta, Rammensee, Gorb, & Scheibel, 2008; Teule et al., 2009). 
Of course, these solvents introduce their own form of denaturation and are far from being 
physiologically relevant despite being reliable means to increase spinning dope 
concentrations (Kim et al., 2004). Regardless, the shear assembly process of wet-spinning 
exposes peptides to a strong elongating force that should correct any misfolding by 
forcing realignment of the strands in the direction of shear. And while higher peptide 
concentration would lead to improve mechanical properties, it has been shown here to be 
ancillary to successful fiber spinning and correlating to the model.   
Furthermore, none of the produced fibers were post-stretched or similarly treated 
in any way. This is a common approach used to improve mechanical properties 
(Albertson, Teule, Weber, Yarger, & Lewis, 2014; Teule et al., 2009) by further 
organizing molecular chains in the stretch direction. As seen with H(AB)12MTD, 
consolidation of crystalline domains follows increased alignment, which correlates to an 
improvement in acute strength. Based on these relationships, it logically follows that 
stretching would lead to the same relative gains as is seen during initial shearing. 
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Consequently, H(AB)12MTD would continue to see greater relative gains to its network 
order and cluster size compared to H(AB)12 under stretched conditions. Indeed, this 
specific phenomenon has been documented (Heidebrecht et al., 2015) where post-
stretched fibers with terminal domains were mechanically superior to those without 
terminals. The molecular mechanisms of the model provide a reasonable explanation as 
to why that is the case. 	  
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5.5 Conclusions and Lessons for Full-length Protein Applications 
The mechanical data collected from the H(AB)12 and H(AB)12MTD fibers 
demonstrate very good agreement with model predictions. In review, the resultant 
network structures of these peptides led to the prediction of a plastic product for H(AB)12 
and an acutely strong one for H(AB)12MTD. In the case of H(AB)12, there is a positive 
correlation seen between the model parameters of the number of connections and clusters 
with its greater material extensibility (see Figure 4.3.2). This signals that a multiplicity of 
crystalline domains and connections between them affords the fiber more ways to 
distribute forces, which prevents catastrophic failure, but also loses a great deal of 
mechanical energy to deformation. Conversely, there is a positive correlation between the 
order parameter and cluster size with the acute strength of the H(AB)12MTD fibers. This 
signals that improved anisotropy coupled with consolidated crystalline domains promotes 
efficient mechanical resistance to deformation to a point.  
 Looking at the modeling predictions holistically, there are a number of insights 
regarding the formation of fibers that have been gained—the most significant of which 
actually stems from the constraints of the modeling conditions. Despite lacking several 
physiologically relevant components such as ionic stabilization, pH control, and high 
peptide solubility, these short peptide sequences were able to form fibers through shear 
extrusion. This success, in the absence of helping factors, points to the shear-induced 
alignment of peptide strands being the most important factor to successfully form a 
robust fiber molecular structure. For this reason, silk-inspired wet-spinning shows great 
potential to succeed at generating fibers of full-length proteins beyond silk itself. 
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This conclusion places a great deal of emphasis on the type of processing applied 
to the peptides rather than on the peptides themselves. However, the other key insight 
gained from the combined experimental/computational data is that the peptide sequence 
itself plays an important role in the strength of the molecular structure that is created after 
shearing is accomplished. Stabilizing bonds from the aggregation of hydrophobic beads 
are what generated the crystalline clusters in the model. The interplay of the total quantity 
and size of these domains are what appear to give the construct its mechanical strength. 
At the same time, if a full-length peptide lacks balance in its sequence’s 
hydrophobic:hydrophilic content ratio, as seen with in the 4-co-block experiments 
(sections 4.1, 5.1), then it may either fail to solubilize for spinning at all or fall apart 
when exposed to entropic reordering in an aqueous environment. Therefore, proteins that 
have the greatest potential to form stable and strong fibers via shear extrusion are those 
with hydrophobic and hydrophilic sequence blocks distributed as evenly as possible.  
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CHAPTER 6: FULL-LENGTH PROTEINS AND ALLOY SPINNING  
Results and conclusions obtained from carrying out the first two Aims supplied 
the needed information to address Specific Aim 3. Modeling full-length proteins is a 
difficult prospect, especially when the proteins of interest, those that are naturally fiber 
forming, have very long sequences that are greater than 250 kDa. This is why it was 
necessary to extrapolate predictions from a much smaller model system (10–60 kDa) and, 
even more importantly, verify those predictions with the same methods that would be 
used on the larger scale peptides. The most critical lessons learned from the model and 
verifying experiments were: first, how powerful the shear extrusion technique is at 
generating fiber networks; and second, the characteristics of peptide sequences that will 
allow for the formation of a strong molecular network to improve the material’s strength. 
The next validation step of this work is to test these hypotheses using full-length peptides 
process through shear extrusion wet-spinning. 	  
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6.1 Application of Coarse-graining Scheme to Motifs of Full-length Proteins 
 To test the hypothesis with respect to the fiber spinning potential associated with 
sequence motifs, several full-length proteins of various molecular weights and 
hydrophobic:hydrophilic ratios were desired. The selected peptides were as follows: SF 
(from B. mori) as a positive control for fiber formation due to its high solubility, 
relatively high MW, and high ratio of hydrophobicity to hydrophilicity (a:b); PLL 
(synthetic) as a negative control due to its low MW and complete lack of hydrophobic 
amino acids, based on the Kyte-Doolittle scale (Kyte & Doolittle, 1982); albumin (from 
bovine) because it is the most common protein in blood; collagen (as type A gelatin) 
because it is the most common matrix protein; Fn (from human serum) because of its 
function as a matrix glue; and laminin, because of its very high MW and specialized role 
in the basement membrane. The sequences of several key structural and function domains 
from these proteins were parsed into their respective a-b bead arrangements, based on the 
modeling scheme, in order to provide a basis to assess their fiber formation potential 
(Table 6.1.1). When the a:b ratios of each test protein are compared with that of the 
H(AB)12 peptide (0.71), it can be seen that only those of laminin (0.79) and SF (5.25) are 
higher. In particular, gelatin and PLL are very low with respect to the other proteins, 
which would lead to an initial assumption that they would constitute the weakest of the 
fibers formed. 	  
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Table 6.1.1 Table of Proteins of Interest with Applied Coarse-grained Scheme 
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6.2 Full-length Protein Wet-spinning 
 Each of the proteins was prepared into a pure water spinning dope at the greatest 
possible concentration that could be obtained without specially modifying the solution to 
avoid solvent effects that would change the spinning results. Subsequently, all of the 
proteins in saturated, pure water dopes were successfully able to spin continuous fibers in 
90% IPA and 80% MeOH, even including the negative control PLL. From here, the 
saturation concentration was diluted gradually and retested to determine if continuous 
extrusion was still maintained. Each of the proteins eventually reached a concentration at 
which continuous extrusion was no longer possible and the product of wet-spinning 
became much more amorphous, the point at which was termed the subcritical 
concentration (see alloy spinning section for images of proteins spun at the subcritical 
level). The range of concentrations between the saturation and subcritical points 
constitute the effective spinning range of each of the proteins. In trying to ascribe the 
relationship between effective spinning concentrations to a specific characteristic of each 
individual protein sequence, the only value that correlates well is the MW (Figure 6.2.1). 
This suggests that the likelihood of any peptide sequence to form fibers depends almost 
entirely on its MW and its concentration.  
This is a somewhat unexpected result, i.e. that the a:b ratio does not show any 
correlative behavior with spinning success for these proteins. Still, it is highly unlikely 
that this metric is not somehow involved in determining the stability of the fiber. Because 
many of the fibers spun from the saturation concentration were too weak to test 
mechanically, their stability was monitored by transitioning them into an aqueous bath 
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and tracking resorption into solution. Each of the spun proteins were allowed to dry at 
room temperature overnight after the organic solvent was removed before pure water was 
added. Their reactions with water were recorded as a binary response of either dissolving 
or maintaining its structure (Table 6.2.1). Dissolution was qualified as complete loss of 
the fiber’s ability to be manually manipulated or grasped by tweezers and did not 
necessitate complete breakdown of the protein into its monomer form in solution. This 
distinction was made because it is likely that some degree of irreversible assembly occurs 
in all proteins after spinning, but not to such an extent as to maintain the fiber structure in 
water for all of them. The results of this qualitative assessment appear to show a 
relationship between the a:b ratio of a peptide sequence and its fiber’s ability to maintain 
structure, but also appears to function in tandem with sequence length to generate water 
insoluble assembly. This is because of the eventual dissolution of BSA, which has an a:b 
ratio almost identical to Fn. It is likely that the Fn fiber does not dissolve in water despite 
its similar a:b ratio because of its higher MW. Therefore, based on model predictions, 
both hydrophobic ratios and MW of the protein sequences appear to influence fiber 
stability in water. 	  
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Table 6.2.1 Solubility of Fibers Spun from Saturated Concentrations 
 
* as determined by instantaneous dissolution upon contacting distilled water at 20 °C  
		
90 
 
Figure 6.2.1 Protein Spinning Is Described by Molecular Weight and Concentration 
Six proteins of interest with a wide range of MWs were spun into fibers successfully. 
There was an upper and lower bounds of protein concentration that was able to produce 
continuously extruding fibers with vertical flow. When the upper and lower limits are 
fitted with power law regressions, it can be seen that there is a high degree of correlation 
between the maximum/minimum spinning concentrations and the protein’s MW. 
Therefore, the space between the two regression lines constitutes the theoretical domain 
where any protein with a concentration between the two lines for its specific MW would 
be able to successfully generate a protein. This does not guarantee it will be stable in 
water (see Table 6.2.1), but it does provide an explanation of an intrinsic requirement of 
protein fiber spinning that has not been set forth before.  
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6.3 Alloy Protein Wet-spinning 
As observed in the previous section, many of the produced fibers suffered from 
either low mechanical integrity or were soluble in water. Specifically, many of the Fn and 
laminin fibers were unable to pass through the air-liquid interface of their coagulation 
solvent without falling apart. Likewise, PLL, BSA, and gelatin fibers were mechanically 
robust, but could not maintain their structural integrity in water. This leaves SF as the 
only protein of those tested that was both insoluble in water and strong enough to be 
extruded out of the coagulation solvent. This is a well-known and characterized result, as 
this whole process is based on silk-inspired extrusion (Asakura et al., 2007; Ebrahimi et 
al., 2015; Kinahan et al., 2011). But there is a novel use of SF that becomes evident when 
analyzing its behavior and sequence structure in terms of hydrophobic content ratios and 
length: a polymeric cross-linker. A molecule of SF provides both added length and a 
source of hydrophobic-hydrophobic interactions because of its richness of β-sheet 
forming material, which is plainly evident when looking at its coarse-grained 
representation (Table 6.1.1).  
To test this principle, silk was used as a cross-linker to form protein alloy fibers 
with two other proteins. The term protein alloy is used here as it is with metal alloys, 
which are synergistic mixtures of two or more different elements. Two proteins selected 
to be primary alloy components were: BSA, due to its water solubility, and Fn, due to its 
lack of mechanical robustness. The alloy mixtures were based on the subcritical 
concentrations of both BSA and Fn into which SF was doped to a final mass ratio of 1:10. 
Both of these solutions were spun successfully (Figure 6.3.1), which suggests that 
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structural cross-linking of the two unique fiber networks is occurring. Because of this, the 
supplemental SF strands provides adequate amounts of extra material to overcome the 
otherwise insufficient quantity of the base protein. The spinning success did not translate 
into complete success in the other tests. The alloy BSA-SF fibers were able to remain 
intact when submerged in a water bath, but the Fn-SF alloy fibers were still not strong 
enough to be physically extracted from the coagulation solvent. This does not mean that 
this is a failed application of SF as an alloy component, especially because the 
morphology of the Fn-SF fiber looks significantly improved. Rather, it is more likely that 
this result indicates that the total protein concentration is too low—only 1.045 mg/ml for 
Fn-SF compared to 6.6 mg/ml for BSA-SF—to produce a fiber sufficiently strong to 
withstand the surface tension forces. 
Protein concentration minimization has proven to be an effective method to 
demonstrate that alloy fiber assembly is most likely caused by structural cross-linking of 
peptide strands as a consequence of chain elongation during shear. However, the real 
value of alloy fibers is their potential dual functionality and these low concentration 
fibers lack potential for applications beyond qualitative assessments due to their difficulty 
in handling. Increasing the concentrations of alloy components should enable more tests 
to determine if they truly exhibit dual functionality when combined. Working with these 
alloys at high concentration does not pose a technical problem either. It was verified that 
highly concentrated fibers are able to incorporate ever increasing amounts of another 
added protein by doping highly concentrated SF dopes (8 wt%, ~80 mg/ml) with varying 
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quantities of fluorescent Fn (Figure 6.3.2). This provides flexibility to choose alloy 
compositions that best leverage the hybrid characteristics.  
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Figure 6.3.1 Supplementing Protein Subcritical Concentrations to Create Alloy Fibers 
Each protein examined via wet-spinning exhibited a subcritical concentration where the 
fibers that were extruded no longer were continuous or stable (left panel). When Fn and 
BSA subcritical concentrations are supplemented with a 1:10 mass ratio addition of SF, 
both take on the appearance of continuous fibers once again. In the case of the BSA-SF 
alloy, it was able to withstand full dissolution in water. However, the Fn-SF alloy was 
still too weak to be removed through the air-liquid interface of its coagulation bath. Scale 
bars represent 200 µm. 	  
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Figure 6.3.2 High Concentration Alloys Integrate Added Protein in Dose Response 
(a) Despite the high initial concentration of SF (8 wt%, ~80 mg/ml), at increasing doping 
concentrations, greater amounts of Fn are incorporated into the alloy fibers. (b) The total 
average loading follows an approximately linear behavior as doping concentration 
increases (n=5). (c) There is a respective decrease in the homogeneity of the Fn 
distribution along the length of the fibers as doping increases. Scale bar is 15 µm. 
Adapted from (Jacobsen, Li, et al., 2016), currently under review.  
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6.4 Dual Functionality of SF-Fn Alloy Fibers 
 Because of the flexibility to design high-concentration alloy fibers based on 
different component scaling, several different mixtures can be employed to determine if 
alloy-cast fibers are products of synergistic assembly that exhibit the function of its 
component parts. Both Fn (Hubbard et al., 2016; Martino & Hubbell, 2010) and SF (Jin 
& Kaplan, 2003; O. Tokareva et al., 2014) are proteins with well-determined roles, which 
can be put simply as being an ECM glue and a load bearing structure, respectively. These 
roles are independent in that Fn, while very extensible, is not nearly as strong as silk 
(Klotzsch et al., 2009). Similarly, silk, in contrast to Fn, is generally considered a 
biologically inert material with poor cellular adhesive properties (X. Chen et al., 2008). 
Having these two basic functions to investigate, various mixtures of SF-Fn alloy fibers 
were spun to probe their dual functionality. 
As a means to assess the cell adhesive properties of SF-Fn alloys, three cell types 
were cultured on alloy fibers doped with 0.05 mg/ml Fn and control fibers (pure SF) for 
24 hours in media without serum, to prevent false positives caused by adsorbed proteins 
from serum. Imaging analysis reveals that the intrinsic capability of SF to bind cells is 
indeed augmented by incorporating Fn (Figure 6.4.1). Remarkably, the total quantity of 
Fn necessary to obtain this functional change is very low compared to the SF content of 
the fiber, with a SF:Fn mass ratio of 1575:1. Regardless, cells cultured on SF-Fn fibers 
with this mix ratio demonstrate a greater than 6-fold increase of attachment for 3T3s and 
10-fold for BAECs and BVSMCs compared to SF fibers alone. Cell-cell interactivity at 
each attachment locus also trends in the positive direction for all cell types as well 
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(clustering), but only 3T3 clustering demonstrates a statistically significant increase, 
which may be getting obscured by the fact that BAECs and BVSMCs tend to have a 
higher degree of clustering compared to 3T3s in general. Furthermore, the data on 
cell-fiber interactions suggest that SF fibers alone are very poor at both engaging and 
sustaining cells in culture even in the presence of serum and especially not in its absence. 
This serves as further confirmation of previous studies demonstrating SF to have poor 
cell interaction capability without modification or enriched culture medium (Motta, 
Migliaresi, Lloyd, Denyer, & Santin, 2002; Panilaitis et al., 2003).  
Knowing that a very small amount of incorporated Fn is capable of adding cell 
adhesive properties to an alloy fiber with SF, it then becomes a question if adding more 
Fn would disrupt the mechanical advantages conferred by SF. Tensile tests were 
performed on alloy fibers with triple the quantity of Fn (0.15 mg/ml, 525:1 mass ratio) 
and control fibers under dry and wet conditions, the latter condition being much more 
physiologically relevant (Figure 6.4.2). When comparing the ultimate strength, Young’s 
modulus, elongation at failure, and toughness of both fiber compositions, there are no 
statistically significant differences that emerge as a consequence of added Fn. There are 
notable differences experienced by both systems between dry and wet testing conditions 
with maximum strain values increasing by more than 10-fold in wet tests while 
simultaneously experiencing an approximate one-third reduction in ultimate strength. 
Interestingly, ultimate strength and Young’s modulus exhibit a diameter dependence that 
follows a power regression, which is not the case for extension to failure and, 
consequently, material toughness. When the relationships are fitted with regressions, 
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there is a demonstrable right-shifting of the curve for the alloy fibers, indicating that not 
only is there no significant reduction in the mechanical properties of SF when a 
functional quantity of Fn is incorporated, but there is evidence that strengthening and 
stiffening occurs as a result of the alloy spinning with Fn. This physical data supports the 
notion that the Fn and SF molecular networks are forming interconnected β-strand 
assemblies (Bornschlogl et al., 2016; Litvinovich et al., 1998), which would indicate that 
the heterogeneity of an alloy mixture is not a detrimental influence on the degree of 
intermolecular physical cross-link formations that lead to protein crystalline domains.   
 The last tests of alloy dual functionality were aimed at driving the mixture even 
further in favor of Fn to a mass ratio of 75:1 to determine if the fiber began to adapt more 
characteristics associated with pure Fn fibers. This was done by comparing the behavior 
of cells over a 12-hr time course once they had attached to the alloy and control fibers in 
serum-enriched conditions instead of simply observing their ability to attach 
(Figure 6.4.3). Cells on SF fibers preferentially cluster together rather than staying 
attached to the fiber, leading to many detachments or arrested migration of attached cells. 
On SF-Fn fibers, the trend is reversed where free clusters of cells that attach to the fiber 
tend to disassociate from the cell cluster in favor of binding to the fiber and continued 
migration. The terminal detachment rate on SF-Fn is consequently much lower than that 
of the SF fibers for all cell types. Quantified analysis of maximum cell spread length and 
total cell movement shows an opposing trend for 3T3s compared to both BAECs and 
BVSMCs. For the latter types, the maximum extension length of cells on SF-Fn fibers is 
augmented, although only significantly for BVSMCs, and both BAECs and BVSMCs 
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travel significantly farther overall. 3T3s demonstrate a less active phenotype, spreading 
significantly less and traveling significantly less distances as well. Irrespective of this 
lower activity observed from 3T3s, the other cell types indicate that SF-Fn fibers 
generally lead to increased cell migratory activity, which is a benchmark characteristic of 
Fn fibers (Hubbard et al., 2016). 
When specifically monitoring cell survival during the time lapse, it was defined as 
cells that did not die or terminally detach from the fiber during the migration period. As 
mentioned, cells on SF fibers exhibited a much greater propensity to detach or die over 
the 12-hour period. 3T3s proved the most resilient on SF fibers of the three cell types 
(Figure 6.4.4) only losing 17% of the tracked cells, whereas BVSMCs were the most 
unstable losing 87%, and BAECs also highly unstable with 80% loss. In contrast, the 
highest fraction of death and detachment for SF-Fn fibers was observed from BVSMCs at 
13.3%, then BAECs at 10%, and no death or detachment was observed for 3T3s. Log-
rank tests of control vs alloy fibers show that SF-Fn fibers demonstrate significant 
improvement in cell viability for all cell types, most markedly for BAECs and BVSMCs, 
which is another benchmark of Fn’s interactions with cells (Zollinger & Smith, 2016). 	  
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Figure 6.4.1 Comparison of the Attachment of Cells to Alloy SF-Fn and Control SF Fibers 
(a) Images shown for three cell types seeded onto the two fiber systems after washing 
away unattached cells and debris after 24 hours of incubation (N=3). (b) For all cell 
types, cell adherence to the fibers is significantly improved by the incorporation of Fn 
into SF. Additionally, cell appearance on SF-Fn alloys generally lack notable signs of cell 
death, as defined earlier such as compromised membranes, that are much more common 
with cells associated with the SF fibers at this seeding density. (c) Cell-cell interactions 
on the fibers are also improved through Fn incorporation leading to higher clustering at 
attachment loci, though not significantly higher for BAECs and BVSMCs. Scale bars are 
15 µm. * Indicates statistical significance. Error bars represent standard error. Adapted 
from (Jacobsen, Li, et al., 2016), currently under review.  
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Figure 6.4.2 Mechanical Comparison of Alloy SF-Fn and Control SF Fibers 
(a) Representative stress-strain curves for small diameter (less than 20 µm) and large 
diameter (greater than 30 µm) fibers are shown from which the mechanical properties are 
calculated (n=10 for all except wet SF-Fn, n=9). (b) Raw data of ultimate strength and 
Young’s modulus plotted against diameter demonstrate a dependent relationship. There is 
a general right-shifting of the power-regression curve for the alloy fibers. (c) Elongation 
at failure is not coupled to fiber diameters and is generally lower for alloy fibers. (d) 
Material toughness does not change significantly from control to alloy fibers. Error bars 
represent standard error. Adapted from (Jacobsen, Li, et al., 2016), currently under 
review.  
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Figure 6.4.3 Cell Activity Tracking on Alloy SF-Fn and Control SF Fibers 
(a) Representative images of points during the 12 hour time-lapse showing a general 
characteristic shared by the cell types. False coloration is added to show the migration 
paths of specific cells. On SF fibers, cells tend to migrate into clusters, which often would 
lead to detachment from the fiber into the cell cluster. Contrary to this, on SF-Fn fibers, 
cells from cell clusters tend to detach from the cluster to attach to the fibers and still 
maintain connectivity with neighboring cells. (b) Cell spread length increase on SF-Fn 
fibers significantly for BVSMCs and not significantly for BAECs. 3T3s show the 
opposite trend in a significant manner. (c) None of the cells tended toward a specific 
direction nor did they maintain their velocity. This was unaffected from control to alloy 
fibers. (d) BAECs and BVSMCs both show significantly higher total cell motion on SF-
Fn fibers while 3T3s again show the opposite trend, also significantly. A possible 
explanation for the opposite behavior observed for 3T3s is that endothelial and smooth 
muscle cells in vivo are phenotypically active on mature, assembled matrix whereas 
fibroblasts are active when matrix is needed to be deposited. As such, in the presence of a 
structured fiber with fibronectin incorporated, the fibroblast may adopt an inactive 
phenotype due to interpreting the SF-Fn alloy fiber as a mature matrix assembly. Scale 
bars represent 25 µm, n=30 for all cell and fiber types. * Indicates statistical significance. 
Error bars represent standard error. Adapted from (Jacobsen, Li, et al., 2016), currently 
under review.  
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Figure 6.4.4 Cell Survival Tracking on Alloy SF-Fn and Control SF Fibers 
(a) 3T3 cells proved to be the most robust, with the lowest cell loss on both fiber systems 
of the three cell types. (b) BAECs predominantly detached terminally from the fibers 
rather than dying while attached. (c) BVSMCs showed the largest degree of cell death 
while remaining attached to the fiber. In all cases, SF-Fn fibers demonstrated a distinct 
survival advantage in both discouraging terminal detachment from the fiber as well as 
reducing the rate of cell death while attached to the fiber (n=30). * Indicates statistical 
significance. Adapted from (Jacobsen, Li, et al., 2016), currently under review.  
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6.5 Conclusions on Fiber Formation using Full-length Peptides 
Based on the insights gained from iterative testing of the model peptides in the 
first two Specific Aims of this work, two key predictions were made regarding general 
fiber assembly. The first was regarding the method, suggesting that shear-induced 
reorientation of peptide sequences was a powerful tool to encourage interchain physical 
assembly. The second was regarding the sequence itself, suggesting that a balance of 
hydrophobic to hydrophilic content (a:b ratio between 0.70–1.0) was important to the 
stability of an assembled network and that lengthening the sequence was another means 
by which stability and robustness could be achieved. After testing these predictions on 
full-length proteins and mixtures of the same, there is good evidence to suggest that these 
are universally applicable requirements for protein fiber formation.  
With respect to shear induced alignment, this is not an entirely novel hypothesis at 
its core. Many research investigations have pointed to peptide chain alignment as a key to 
creating a fiber network in proteins other than silk, including Fn (Klotzsch et al., 2009; 
Mitsi et al., 2015) and collagen (Saeidi, Sander, Zareian, & Ruberti, 2011). However, this 
type of shear elongational assembly is achieved using surface interfacial forces to induce 
the alignment (Feinberg & Parker, 2010). These surface initiated extrusions lack control 
of the assembly interface, exposing it to torsional effects and relying on concentration 
gradients to develop at the surface. This reduces not only the morphological control, but 
also limits protein fiber outcomes to the very lower limits of the microscale (less than 2–5 
µm) with restricted lengths. Shear extrusion modeled after biological silk spinning can be 
catered to very different scales, ranging from one to hundreds of microns. Laminar flow 
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protects the protein stream from experiencing torsion during assembly, which prevents 
rolled thin films from constituting the bulk of the fiber.  
The fact that shear extrusion wet-spinning was able to generate fibers from each 
protein tested is strong validation that it is indeed a powerful tool for fiber network 
assembly. Similar to the recombinant peptides in pure water, it is possible that these full-
length proteins are also in a denatured state in the absence of pH control. Yet, as was the 
case with those constructs, it is likely not having much of an impact on the outcome due 
to the strong denaturing force applied by the shear method compensating against 
misfolding. Notwithstanding the seeming ubiquity of the technique, if the goal of using 
full-length proteins in wet-spinning is to create fibers for use in biological applications, 
then the more important consideration is that of the sequence composition and length. In 
all biology, protein fiber structures exist in a dynamic, aqueous environment. This limits 
the utility of the fibers that were spun successfully to proteins that have sufficient 
hydrophobic content and length to overcome its polar interactions with water as a solvent. 
However, the process of forming alloy fibers with a protein such as SF, which can act as 
a shared source of length and hydrophobic content, can compensate against another 
protein’s shortcoming with respect to one or both of these factors. Taken together, the 
data presented here represent a powerful new means by which a great number of soluble 
full-length proteins can be functionalized into fibers through evaluation of their 
qualifications with respect to the properties laid out here.  
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CHAPTER 7: DISCUSSION OF POTENTIAL AND FUTURE WORK 
7.1 Summary of Findings and Their Potential Impact 
Through an integrative process of modeling, designing, and validating predictions 
with physical data, this work has put forth explanations regarding fundamental factors 
that lead to protein fiber formation. This led to the assessment of how powerful silk-
inspired wet-spinning can be to generate integrated molecular networks of protein 
strands. This material processing technique has been used to produce fibers of various 
full-length proteins, for the first time. In tandem with these novel products, a new 
functional role of SF has been defined: as a polymeric cross-linker. It has been shown to 
be capable of shoring up the mechanical integrity of the fibers into which it is spun 
generating alloys constructed of functional protein components.  
These results were collected while carrying out three Specific Aims, which set 
forth the goal on the outset to produce two overall deliverables from this project. The first 
is a predictive system that can provide in silico information regarding the fiber-forming 
capabilities of any new protein sequence. The second is a method to generate biologically 
relevant fibers to be used in engineering applications. The work of this dissertation has 
delivered on these goals by producing a modeling paradigm that correctly predicted fiber 
formation and many material properties, and by demonstrating the utility of wet-spinning 
as a simple and fast means to produce protein fibers. These are promising methods to 
design, assess, and build improved materials both in terms of mechanics and 
biocompatibility through synthetic regeneration of native environments, like the ECM. 
Such a system can help to address a wide range of biomedical material applications.  
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7.2 Predicting Physical Values In Silico 
Quantification of the model network led to accurate predictions of the resulting 
fiber’s relative strength and plasticity. Notwithstanding these well-correlated metrics, 
further improvement to these values would require predictions of actual quantified values. 
These are not straightforward to predict. As discussed herein when presenting the 
secondary structural components of H(AB)12MTD (section 4.3), there is a dynamic 
interplay of structural features that lead to ultimate strength and Young’s modulus. 
Specifically, it appears these values are determined by some coordination of the absolute 
quantity of crystalline elements within a fiber network and the typical size of each of 
those domains, or, put in modeling terms, the number of nodes/clusters and their 
respective sizes. This assumption is due to the fact that neither of H(AB)12 nor 
H(AB)12MTD exhibited a distinct advantage in strength or stiffness, yet their modeled 
network structures were compositionally very different. 
In order to establish a relationship between the quantified model values and the 
quantified physical values, more network comparisons would be necessary to separate the 
individual contributions caused by cluster size and cluster number. By scaling the length 
of the recombinant peptides beyond 12 AB repeats, these comparison values should be 
accessible. As seen in Figure 4.2.2, the expectation with a longer peptide chain is that 
there would be a consistent, predictable increase in node size as well as the number of 
nodes. With mechanical testing performed on the longer constructs, there should also be 
an observed increase in ultimate strength and Young’s modulus as well. This can then be 
used to define a quantified relationship that associates changes in cluster number/size 
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with changes in mechanical properties. The use of the MTD sequence on a longer 
recombinant peptide should also help to determine the relative contributions of size 
versus number of clusters when the same type of relationship is established. Once the 
proper relationship is expressed, it would enable predictions of quantified physical 
properties from in silico simulation. This would add an additional level of functional 
utility to the modeling scheme beyond general behavior predictions that would provide 
predictive tools with the potential to analyze any hypothetical peptide sequence without 
needing to physically express and test it.  
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7.3 Producing Pure Fibers: Water Solubility and Mechanical Issues? 
The finding that every protein is able to spin into fibers when using a shear 
extrusion wet-spinning approach is remarkable. However, there are physical barriers that 
accompanied this finding for several of the peptide sequences, which are that the fibers 
were either too weak to physically manipulate or were soluble in water. It is possible to 
address both of these issues simultaneously by using processing techniques aimed at 
driving the mechanical properties higher for the pure protein spinning dopes, which 
would eliminate the need to spin these proteins into an alloy with SF serving as a physical 
cross-linker. The basis to address both issues through mechanical strength is founded on 
the conclusions of section 6.2 that the fiber solubility issue likely stems from a general 
lack of crystallinity in the fiber structure, which is due to a low frequency of hydrophobic 
amino acids in the peptide sequence. Therefore, any effort towards improving 
crystallinity to promote irreversible, insoluble assembly would also benefit the 
mechanical integrity of the fiber.  
There are many protocols developed for silk spinning that improve mechanical 
properties that can be applied to these new protein fibers such as: concentrating the 
spinning dope using harsher solvents (Kim et al., 2004), adding ions to stabilize strands 
and promote orientation (Knight & Vollrath, 2001), improving the shear stress profile 
without increasing extrusion speed (Breslauer et al., 2009), allowing for complete drying 
of the fiber to condense the structure (Kowalczyk et al., 2008), and/or physically post-
stretching the fibers if they are robust enough to be physically manipulated (Lazaris et al., 
2002; Um, Ki, et al., 2004). Many of these modifications were purposefully disqualified 
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from use in this study as a means to maintain continuity with the model conditions (see 
section 5.4). However, with the model correlations established, these alterations to the 
spinning technique have promise to improve fiber mechanical properties, which may 
enable the use of fibers that here were shown to be too weak or too water-soluble to be 
used in engineering applications.  
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7.4 Regenerate Synthetic ECM Fibers for Tissue Applications 
 Lastly, the overarching motivation of the studies performed here was to develop a 
means by which matrix components could be regenerated in vitro as a way to improve the 
functional characteristics of biomaterial scaffolds used in tissue applications. The 
methods presented to this point constitute the means by which fibers of matrix proteins 
such as fibronectin, laminin, and collagen can be generated. However, the capability to 
spin the fibers alone is not sufficient to produce a functional tissue scaffold. The in vivo 
environment to which a biomaterial is exposed is very complex and very hostile to 
foreign objects (Anderson, Rodriguez, & Chang, 2008). In particular, scaffolds made of 
matrix proteins will be particularly vulnerable to enzyme activity. Here, another 
advantage of alloy spinning becomes apparent because of the slow degradation 
characteristic of SF in vivo (Wang et al., 2008). By doping the wet-spun matrix fibers 
with SF, both the mechanical stability and resistance to degradation of the new alloy 
should follow. This sort of property manipulation is also important when designing the 
fibers to match the mechanical demands of a specific system as well. Due to the 
exceptional mechanical properties of SF, alloy fibers have potential to be used across the 
whole spectrum of tissue mechanics, from bone (Bhumiratana et al., 2011) to soft tissue 
(Abbott, Kimmerling, Cairns, & Kaplan, 2016). Indeed, the greatest advantage conferred 
by wet-spinning proteins in this manner is its modularity to customize the output by 
simply substituting in the desired protein. The optimal combination of proteins can be 
fleshed out to generate the most physiologically relevant scaffolding material that could 
be produced. In fine, it is the simplicity of this fiber spinning method and its ubiquitous 
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compatibility that set it apart as a powerful means to produce a new generation of 
biocompatible scaffolding materials.  
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APPENDIX A: EXPLANATION OF THE COARSE-GRAINED MODEL 
The design, execution, and quantification of the computational model were 
carried out by the Markus Buehler group at MIT, principally through Drs. Shangchao Lin 
and Davoud Ebrahimi. 
The coarse-graining method utilized for fiber structure analysis was dissipative 
particle dynamics (Goga, Rzepiela, de Vries, Marrink, & Berendsen, 2012; 
Hoogerbrugge & Koelman, 1992) and was performed using the LAMMPS package 
(Plimpton, 1995). The equations that govern the interactions of the DPD system are given 
in Table A.1 and are presented here as they are explained in (Lin et al., 2015). Eq. A.1 
represents a calculation of the total directional force exerted on a particle, which is 
calculated as the sum of pairwise interactions with all nearby elements. The three 
component forces in the equation are the conservative force 𝐹!"! , the dissipative force 𝐹!"!, 
and the random force 𝐹!"!. The conservative force (Eq. A.2) accounts for the molecular 
identity of the particle by incorporating bonding interactions such as covalent bonding 
between elements that are part of the same molecule (Eq. A.3) and hydrogen bonding 
between interacting hydrophobic elements (Eq. A.4, Figure A.1). It also accounts for any 
non-bonded attraction/repulsion interactions that the particle experiences with 
neighboring particles as well, which represent the compressibility and solubility of the 
system. The governing repulsion interaction parameters for all elements (aij, Table A.2) 
were fixed such that the compressibility of water was described (Groot & Warren, 1997; 
Maiti & McGrother, 2004) and the hydrophobic/hydrophilic repulsions were qualitatively 
encapsulated by resulting in the formation of stable micelles as a block copolymer (Sheng 
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et al., 2007; Spaeth, Kevrekidis, & Panagiotopoulos, 2011). The dissipative and random 
forces together form the thermostat of the system. The random force accounts for 
Brownian motion of the particles (Eq. A.5) and the dissipative force acts as a heat sink 
for the thermally generated motion while also accounting for the velocities of the 
particles as part of conserving momentum (Eq. A.6). 
 As mentioned earlier, the chosen level of coarse-graining was such that three 
amino acids were combined into one bead representing either a hydrophobic (a) or 
hydrophilic (b) overall behavior. Upon inspecting the MaSp sequences used as inspiration 
for the model peptides (Accession Numbers: P19837 and ACF19411.1), the mean 
volume of their constituent amino acids was 86 Å3. Thus each a or b bead had a total 
volume of approximately 270 Å3. In order to be consistent with this scale, nine water 
molecules were combined to represent one water bead (w) with a final volume of 270 Å3, 
which is approximately the volume of the a and b beads. Similarly, length and time scales 
increased proportionately as a function of the coarse-graining as well. The characteristic 
length scale of the system was 𝑅! = 9.321 Å, while the characteristic timescale (Groot & 
Rabone, 2001) was 𝜏 = 0.75 𝑛𝑠. The simulation space had dimensions of 180×70×40 𝑅!!, which was populated randomly first with the peptides individually until reaching a 
concentration of 20% v/v. The rest of the box was filled with w beads until the number 
density of the system reached 3, resulting in 1,512,000 total beads. When shearing was 
applied, it was done along the x-axis (xy-plane) at a rate of 𝛾!" = 0.01𝜏!! for t = 5000τ. 
The simulation time steps were set as 𝛥𝑡 = 0.03𝜏. 
 Throughout simulation, quantified metrics were derived from the molecular 
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network based on binding and clustering behavior of the beads. Specifically, a beads 
would connect during simulation and create clusters. Two a beads were assumed to 
belong to the same aggregate cluster if the distance between them was less than 0.94 Rc. 
Nodes were defined as the center of mass of a cluster and their total number and overall 
size were tracked over the duration of the simulation. Two clusters were assumed to be 
tethered by a connection (b beads) if the chain contained a beads in both clusters. The 
number of these connections was also monitored during each phase of the simulation. 
Two metrics were used under different circumstances to describe the order of the system 
with respect to the shear direction. The first, conductance, tracked the number of 
connections that persisted across the entire simulation space. The second, order parameter 
S (Eq. A.7), compared angles of connections to the shear direction and was averaged for 
all connections such that S = 0 for isotropic connections and S = 1 for perfect alignment. 
These metrics were used as quantitative comparisons for correlation with the measured 
physical properties. 𝑆 =< ! !"#!! ! !! >              Eq. A.7 
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Table A.1 Equations Governing the DPD Simulations 
Equations presented here are outlined in greater detail in the supplement of (Lin et al., 
2015). 
 
 	 	
		
117 
Table A.2 Table of Values for the Repulsive Interaction Parameter 
These values were chosen based on previous work, as documented in the Appendix A 
text, in order to ensure a physiologically relevant model environment. 
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Figure A.1 Modeling Approach to Address Covalent and Hydrogen Bonding 
(a) Extension curves of a 27 amino acid sequence with three chain assumptions: worm-
like chain (WLC), extensible worm-like chain (EWLC) and extensible freely jointed 
chain (EFJC). In the DPD simulations, the simple EFJC model is used to model pairs of 
particles that are covalently bound to one another. It shows behavior very similar to the 
more complex WLC model within the functional length scales of the simulation and 
appears to be a sufficiently accurate way to model this interaction. (b) Hydrogen bonding 
(HB) dynamics of DPD simulations alone do not encapsulate the potential energy 
minimums that is necessary to model their contributions to chain stability. When the DPD 
potential is overlaid with a short-range modified harmonic potential (DPD + HB), this 
important minimum is again incorporated into the calculation of the conservative force. 
This figure is reprinted from the supplement of (Lin et al., 2015) under retained 
authorship rights. 	  
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APPENDIX B: RECOMBINATION AND REGENERATION OF SILK PEPTIDES 
DNA recombination, bacterial protein expression and purification, individual 
polymer verifications, SEM, FTIR of recombinant products, and cocoon silk regeneration 
were carried out by the David Kaplan group of Tufts University, principally through Drs. 
Olena Tokareva, Wenwen Huang, Nina Dinjaski, and Ms. Carmen Preda. 
Silk-inspired proteins were expressed in bacteria in identical form as the 
sequences from which the modeled peptides were generated (Figure 3.2.1). H(AB)2, 
HA3B, HAB3, H(AB)12, and H(AB)12MTD were cloned, expressed, and purified 
following an established protocol (Rabotyagova, Cebe, & Kaplan, 2009; O. S. 
Rabotyagova, P. Cebe, & D. L. Kaplan, 2010). Briefly, bacterial DNA encoding the 
recombinant peptides was used to transform E. coli, which was selected for with 
kanamycin plating. Large-scale expression of recombinant positive bacteria were grown 
overnight at 37°C in Luria-Bertani medium under shaking conditions (250 rpm). 
Afterwards, seeding culture was transferred to yeast extract medium and cultured at 37°C 
pH 6.8 using a New Brunswick BioFlo 3000 bioreactor (New Brunswick Scientific, NJ). 
Cells were induced with 1 mM isopropyl-β-D-thiogalactopyranoside (Sigma-Aldrich, St. 
Louis, MO) when the optical density OD600 reached approximately 10. Once the 
proteins were produced, purification was performed using immobilized metal affinity 
chromatography to the hexa-histidine sequence of the ‘H’ block (Figure B.1), which has 
been shown to improve purification yield (Rabotyagova, Cebe, & Kaplan, 2009). The 
proteins were dialyzed against water using a Slide-A-Lyzer Cassette (Pierce, Rockford, 
IL) with a molecular weight cut-off of 2,000 Da and lyophilized. The purity of the 
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expressed proteins was verified by sodium dodecyl sulfate polyacrylamide (PAA) gel 
electrophoresis followed by Colloidal Blue staining. 
Spun fibers of recombinant proteins as well as their unspun, lyophilized form 
were analyzed using a Jasco FT/IR-6200 spectrometer (Easton, MD). Spectra were 
scanned in absorption mode with 4 cm-1 resolution from 4000–400 cm-1. All spectral 
manipulations were performed with OPUS software (version 5.0) (Mattson Instruments, 
Madison, WA). Quantification of the secondary structure was based on analyzing the 
amide I region (1700 – 1600 cm-1). Background absorption was subtracted from the 
sample spectra to establish the baseline. Spectral deconvolution was performed using a 
procedure described previously (Hu et al., 2006) involving Fourier self-deconvolution. 
The amide I region was deconvolved using a Lorentzian peak profile (half-bandwidth of 
25 cm-1 and a noise reduction factor of 0.3). The average secondary structure composition 
percentage of the silk-like biopolymers was assessed by integrating the area of each 
deconvolved curve, and then normalizing to the total area of the amide I peak. 
Silkworm cocoons regenerated into solution by first degumming them of sericin 
by boiling in 0.02M Na2CO3 (Sigma-Aldrich) for 30 min and then rinsed for 20 min in 
pure water 3 times. The degummed silk was allowed to dry overnight before being 
dissolved in 9.3M LiBr (Sigma-Aldrich) at 60 °C for 4 hrs. The silk-LiBr solution was 
then injected into a Slide-A-Lyzer dialysis cassette with 3500 MWCO (Thermo Fisher, 
Waltham, MA) and dialyzed against pure water for 48 hrs. The dialyzed solution was 
then removed and centrifuged to remove precipitate from the solution. The weight 
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percent concentration of the final SF solution was then determined by weighing the 
residual solid before and after water evaporation of a small aliquot. 	  
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Figure B.1 Component Sequences Comprising the Purification Tag 
The sequence of the purification tag was built from several components and was an 
adaptation of the Novagen (Madison, WI) pET 30a-c(+) vector shown partially here. The 
main functional feature is the hexa-histidine sequence used for purification. An S-tag was 
incorporated in case a second means of purification became necessary. The enzymatic 
cleavage sites were incorporated to provide the option of cleaving the tag, and the 
restriction sites were used to change the block sequence attached C-terminally of the tag 
sequences.  
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